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Mathematical Relations and Approximations 



{a + xy = + 2ax + 

for x<^a 

{a + x)^~i + 2ax, il{a + x) = ila — xia^ 
e^~i + x 

(sin + (cos xy = 1 

for x<^i: sin x = x, cos x~i — x^ 



derivatives: x = A sin ft) t , 
dx/df = CO A cos coty 
xfdt^ = -of A sin cot , 
where A, and CO constant 



Triangle 

a^+b^ = c^ 
sin a — ate 
cos a = hlc 
tan a - a/b 

Circle 

surface area A = 7ti^^ circumference S = 2kR 

Sphere 

surface area A = 4 kR\ volume V= (4 k/3)R^ 




Non Dimensional Parameters 



parameter 


definition 


parameters 


Chap. 


energy efficiency 


ri = W/Q 


W — work, Q - heat 


2 


power efficiency 




P = dW/dt mechanical power P 
Q’= dQ/dt = heat flow 


2,3,6 


drag coefficient 


CD=fD/fp 


Fq = drag force, F^= pAU^ = 
stagnation pressure force, area A 
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Reynolds number 


Re=[/D/v = VF,i, 


U = velocity, D = lateral width, 

V = kinematic viscosity, 

F.^= inertia force, viscous force 


4 


Strouhal number 


St =fDIU 


/ = vortex shedding frequency, 

D = lateral dimension, U = flow velocity 


4,6 


Mach number 


M=U/a 


U = flow velocity, a = sound velocity 


7 


Adiabatic exponent 


y=if+2)/f 


/= degrees of freedom of molecules 


7,9 


Index of refraction 




c = speed of light in vacuum 
^med “ speed of light in medium 


7,8 


P-number 


F# =//d 


d = diameter of lens,/= focal length 
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sound level 


^=iologjo(//-r„) 


I = sound intensity, 7^= reference intensity 
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sound transmission 




■^low " (P I'llow “<1 -^h = ( P ’')h impedance 




coefficient 




of low and high density material 


9 



Parameters of Biological Materials 



parameter 


units 


air 

at STP 


water ice 


fatty 

tissue 


bone 


blood tendon 


muscle 


density p 


kg/m^ 


1.29 


1000 920 


=940 


1800 


1060 


1058 


speed of sound v at 20°C 


m/s 


340 


=1500 


=1480 


3360 




1570 


specific heat C 


kJ/CkgR”) 




4.18 2.0 


2-973 


1.256 


3.894 




spec, heat const, pres. Cp 


kJ/CkgR”) 


1.01 












thermal conductivity k 


J/R”m 


0.026 


0.6 2.2 










tensile strength Y 


N/m" 








2-10“ 


1.5 -10^ 


=2-10® 


impedance Z 


kg/(m^s) 


440 


1.5 -10® 


1.4-10® 


6 -10® 




1.7-10® 


index of refraction n 




1 


1.33 










kinematic viscosity v 


mVs 


1.6 -lO'^ 


1.0 -lO"® 






4-10“® 




electrical resistivity p^j 


Q • m 




2-1o3 


25-1o7 




1.5-107 


5-107 



Often Used Model Geometries 



body, model animal 


volume V surface area 


mass moment of inertia I 


circle 






sphere, radius R (bird) 


(471/3)^3 4 JiR 7 


(2/5)mJ?7 


long cylinder, mass m (whale) 


AL = iLR^-h 2 KR^+ 2 TiRh 




cross section A = length L 






. . . rotating about center of mass 




{1/12) mL7 


. . . rotating about hip (elephant leg) 




(1/3) m £7 


cone (chicken leg, mass m) 


(i/3)AL = (7i/3)fi"i 


(1/10) m £7 


Physical Constants 


constant 


value 




acceleration of gravity 


g = 9.8im/s7 




Avogadro’s number 


N^= 6.02 • 10^3 molecules/mole 




Boltzmann’s constant 


kg = 1.38- 10-73 J/R 




electron mass 


mj,= 9.ii-io-3'kg 




fundamental charge 


e = 1.6 - io"79 Cb = 1.6 - IQ-'^ J/V 




gas constant 


Rg=8-3i J/(molR) 




magnetic field of earth 


B^=5 -10"® T = 0.5 G 




Planck’s constant 


h = 6.6 - io"3'i J s = 4.1 - 10"'® eV - s 




proton mass 


mp = 1.67- 10-77 kg 




solar constant 


S = 1.37 kW/m7 




speed of light 


c = 3- 10® m/s 




electric constant 


8.85 - 10-77 




Stefan’s constant 


0 = 5.67 - 10-* W/(m7 R"*) 





Energy and Power Units 

1 cal = 4.18 J = 4.129 ■ 10“^ liter ■ atm 
1 J = 1 N ■ m = 10^ erg 
1 eV = 1.6 ■ io“*5 J 
1 horse power = 746 W 
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Prolog 



Life is not fixed in stone as one might think, 

Because it is enacted by the genes, 

Which guide a being like a book of laws. 

Life gradually yields to new designs 
That outperform the old shape in some way. 

The laws of evolution are not fixed 
They change according to new needs. 

Life is much wiser than some laws of men 
That tie the offspring to some ancient truths. 

Which may no longer meet the present needs. 

And contradict the moral of the time. 

But all behind the dictum of the genes 
Loom physics laws that hold - 
As we believe - to all eternity, and rule 
The universe in silent elegance. 

We catch a glimpse in splendor of design 
When we inspect the microbe and the whale. 

When we observe the jumping of a cat. 

Or listen to the honking of the goose. 

The forceful drummers in the back 

Are physics laws that set the rhyme and rhythm 

That dictate what must be and what cannot. 

There is no good or bad in physics laws 

Just consequence: A leads to B, and B demands the C. 

And all this comes together in a being. 

Take what you need, and care not for your loss, 

But leave enough for your environment 
That nurtures you in turn 
In interacting harmony, called love. 

Just carry on and pass the torch of life 
To your descendant who is next in line. 

To take his share of energy and time 
From the eternal universe 
That is so bare of feeling. 



VIII Prolog 



Life uses energy and information to flourish and evolve. Physical and chemical 
principles lurk behind the life functions and body design of animals. Genes, cell 
dynamics, metabolism, photo-synthesis, and other cell activities, and microscopic 
structure questions are studied in the traditional field of Biophysics. 

There is however more, and other physics in larger living structures: Energy 
plays a role in metabolism, thermal control, and locomotion. These activities must 
conform to the laws of thermodynamics, fluid flow, and mechanics. Information 
collection by the long distance senses relies on the principles of optics, acoustics, 
and electricity, and magnetism. Physics laws enable and limit the body design, and 
control the activities of animals, and the gradual acquisition of new physics tricks, 
like running, flying, seeing, and hearing, are the stepping stones of evolution. 

Such topics are generally not included in biophysics studies. Yet they are of in- 
terest to people of all ages and many walks of life. Such topics also provide an easy 
entry into a new arena of applied physics at the crack lines between Physics and 
Zoology. The main aim of this text is to weave the tenuous webb of unrelated zoo- 
logical observations, and physical laws into a coherent text on body design, ac- 
tions, and physical limits of animals within the new field Zoological Physics. 

Since 1995 colleagues from Zoology and myself have dealt with such topics in a 
course. Physics of Animals, given to senior undergraduate students at the Univer- 
sity of British Columbia. The themes of this book were tried out as lecture mate- 
rial, and issued to the students as annually upgraded lecture notes. The topics 
were introduced through naive questions about animals, and life functions. 
Physics was brought in only on the basis of “need to know”. However, in the at- 
tempt to look at various life-functions the whole spectrum of classical physics: 
mechanics, thermodynamics fluid flow, optics, acoustics, and electricity and mag- 
netism comes into focus. Initially articles from Scientific American, Physics To- 
day, Nature, and various popular books inspired the course material. These topics 
were gradually supplemented by problems that seemed to fit, by anecdotal knowl- 
edge from colleagues, by quantitative material from books, by articles from over 
30 different journals with Physics-, or Biology content, and by model calculations 
of my own. 

A rich specialized zoological literature exists for many topics described here. 
But to my knowledge this book is the first attempt to define a new teaching and re- 
search field that brings macroscopic Physics to overlap with Zoology. Many other 
topics could have been included. In the attempt to develop the models from first 
physics principles, often in ignorance of ongoing work in specialized areas, I may 
have occasionally come to conclusions that differ from the accepted views. Also 
quite likely am I unaware of many relevant studies. No doubt will these pages con- 
tain some errors and misrepresentations. For these shortcomings I apologize. Fur- 
ther, the reader should not take the derivations or conclusions as gospel, but rather 
treat the text as a set of methods and backup facts to interpret the actions and 
body designs of animals within the framework of physics laws. And thus I hope 
that the principal aims of this book are recognized: First, to show how simple 
physics models can give a deductive perspective that adds to the inductive method 



Prolog IX 



of observational biology augmenting the repertoire of applied physics; and sec- 
ond, to provide the tools for the interested reader to develop Zoological Physics 
models of his or her own. 

By stressing how concepts lead to formulas, and by avoiding calculus, whenev- 
er possible, I attempted to make the material accessible to readers, who only pos- 
sess some basic training in Physics and Zoology. Over the years the audience of 
this course has included students from Biology, Chemistry, Engineering Physics, 
Human Kinetics, Integrated Science, Mathematics, Physics, Plant Science, and Zo- 
ology. These diverse students found challenge in different aspects of the course 
material. Everyone advanced to the level of independent project work, on a ques- 
tion of his or her choice, which combines physics and zoology. Some of this stu- 
dent research is incorporated here. The mathematics-physics inclined students 
detected new applications for their analytical skills as they learned to model the 
design, and the actions of animals. The life science students discovered that 
physics is actually useful for finding quantitative answers to some zoological 
questions. 

The topics have lent themselves to popular talks given to lay audiences, to first 
year general science students, and to special seminars in different Science and En- 
gineering departments in Canada and abroad, always evoking lively debates. 
Therefore, I would not be surprised if this book will find use in other undergrad- 
uate courses, and it might even fit onto the book-shelves of private homes. 

This book is an extensions of concepts and calculations from my lecture notes, 
now in the /th edition, used at the University of British Columbia [ Ahlborn 2002] . 
It owes its existence to an intense interaction between the author, and colleagues 
from the Department of Zoology; Robert W. Blake, John Gosline, Margo Lillie, and 
William Megill. They helped to select the topics, and contributed material from 
their own fields of specialization; Biomechanics and Biomaterials. They made sure 
that the biological perspective did not suffer from oversimplified physics models. 
First John, and William, and lately Margo have shared in the teaching, and the de- 
velopment of course strategy. Robert Blake has collaborated with myself on sever- 
al bio-mechanics and bio-thermodynamics research topics which form part of the 
text. The close interaction of physicists and zoologists leads to a quite compre- 
hensive but novel view of Zoological topics, which enriches the understanding of 
biologists and physicists alike. I sincerely thank these wonderful colleagues, and 
these great students for all their help and inspiring questions. I am also much in- 
debted to Eckhard Rebhan for many discussions during the last 40 years about 
physics, and how to find, in each case, the core of the puzzle, so that solutions can 
be uncovered. 

I would also like to acknowledge valuable comments from David Measday who 
read the acoustics chapter, and from Franck Curzon, who read the electricity and 
magnetism chapter. Special thanks is due to Jeff Gordon who has developed a sim- 
ilar course at the Ben Gurion University of the Negev in Bersheeba. We have talked 
about zoological physics topics on numerous occasions, and Jeff helped me with 
some optics sections. Finally I am very grateful to Margo Lillie, Mia Love, and my 
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daughter Dorit Mason, for help with the proof reading, and I would like to thank 
Don Witt for his patient help with software, and computer problems. 

A point must be made about model calculations of biological structures as they 
are presented here. Such physics derivations never comprise the full zoological 
truth. A model investigates just some aspects. It represents a certain view of an ac- 
tivity or body feature, like a shadow. Think of the shadow of a coin. It may look like 
a dark circle, an ellipse or just a dark bar, depending on the relative position of 
light-source and coin. Different models may capture different features, or activi- 
ties of animals, and therefore possibly produce different results. No model can 
claim the exclusive truth. But occasionally different model assumptions do pro- 
duce similar results. In that case one has the assurance that the essence of the phe- 
nomenon is understood. In this spirit the calculations presented here should be 
considered as quantitative derivations of selected aspects of the body designs, or 
the activities of animals. 

Vancouver, Boye Ahlborn 

March 2006 
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1. Life: Information, Matter, and Energy 



Leben ist, 
dafi im Wandel der Materie 
die Form erhalten bleibt. 

Thomas Mann 



Life’s secret is 
to remember its form 
as matter passes through it. 



Necessities of Life 

All organisms are made up from matter drawn directly or indirectly from their 
inanimate surroundings. They consume energy that ultimately comes from the 
sun or from thermal vents. All organisms rely on information, which is passed on 
in their genes or gleaned from their senses. Genes contain the words of instruc- 
tions to build the body and to carry out certain actions. For every organism life 
begins with its genetic words. Therefore in, a true sense, as St. John says in the 
gospel In the beginning was the word. 

The major topics of this book are outlined in Sect. i.i. Life is action and re- 
sponse. However, the transition from inanimate material to living structures is 
gentle. Even inanimate matter exhibits actions if there are differences of certain 
physical quantities like pressures, forces, number densities, or charges. This is de- 
scribed in Sect. 1.2. Every organism must eat. It takes in materials and chemical en- 
ergy at a well-defined daily rate, called the metabolic rate F, which is a certain 
function of the body mass M. The resting metabolic rates 7 ^ of inactive warm 
blooded animals scale with their body masses as F^= const M®, where a~ 3/4. This 
type of equation, where the body mass is raised to some power a is called an allo- 
metric relation. Many other empirical allometric relations have been discovered. 
Metabolic rates and allometry are discussed in Sect. 1.3. The examples in this book 
are developed as quantitative models of body design, actions, and physical limita- 
tions of animals. Some words of caution about the accuracy of such calculations 
are given in Sect. 1.4. It is further explained how Physics dovetails with Zoology, 
and how Zoological Physics fits within the framework of other fields of science. 



1.1 Physics and Life 

The transition from inanimate world to living organisms is blurred. At the micro- 
scopic level “dead” lipids spontaneously assemble into lipid bilayer vacuoles that 
look like cell walls and may deform like living cells. On the other hand some virus 
structures have the appearance of inorganic crystals. 

At the macroscopic level inanimate materials are involved in automatic actions 
and changes. These events are driven by differences of some physical parameters 
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such as temperatures, concentrations, pressures, forces, and electric charges. Dif- 
ferences of temperature induce heat to flow, differences of particle densities cause 
diffusion flows. Differences in pressures create winds or push objects around. Dif- 
ferences of static electrical charges let lightning strike. These differences set the 
arrow of time; they drive the hourglass of change. Such automatic actions are the 
precursors to similar events occurring in all organisms, and are responsible for 
certain action of animals. 

What sets living organisms apart from inanimate matter is the purpose and or- 
ganization of form, features, and activities arising from the genetic code and oth- 
er information. Based on the inherited information animals assemble their body 
mass M, and consume a certain daily measure of energy, at the metabolic rate 77 
Both, matter and energy are constantly flowing through each organism. They are 
temporarily “on loan” from the surrounding. However, truly owned by each or- 
ganism for its entire life span is its genetic code, and the external data that are col- 
lected by the senses, processes by the brain and stored as “information”, “experi- 
ence” or “knowledge” in the memory of each individuum. Evolution is 
accompanied by an explosive growth of the information, which becomes available 
to each succeeding generation. 

As Shermer [2001] observes “Science is an exquisite blend of data and theory... 
The facts never just speak for themselves. They must be interpreted through 
ideas”. Zoology is traditionally an empirical science. Zoological Physics attempts 
to derive quantitative models of body design, actions, and physical limits of ani- 
mals, which are then compared to data from living organisms. Such an endeavor is 
possible because physical models are very simplified images of the complex struc- 
tures of life. They use just a few well defined physical quantities such as mass time, 
length, speed, temperature, energy, power, force, frequency, wavelength. The most 
important parameters of life forms are energy, matter, and information. 




Fig. 1.1. Tree of life 
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Genetic information, energy from the sun and material from the earth all con- 
tribute to evolution. This is sketched as a tree of life in Fig. i.i, from single cell or- 
ganisms at the bottom to Homo Sapiens at the top. 

In a very simplified way the evolution can be seen as an increase of body mass 
with time, Fig. 1.2. How life began has been a fundamental question for philoso- 
phers of all ages. The German poet Goethe struggles with it in Dr. Faustus’ trans- 
lation of the first line of genesis: 



Geschrieben steht: 
“Im Anfang war das Wort” 
Hier stock ich schon. Wer hilft mir weiterfort? 
Ich harm das Wort so hoch unmoglich schdtzen 
Und mufi es anders iXbersetzen 
Wenn ich vom Geiste recht erleuchtet bin 
Geschrieben steht: 
‘'Im Anfang war der Sinn” 
Bedenke wohl die erste Zeile 
Dafi deine Feder sich nicht ubereile 
1st es der Sinn der alles wirkt und schajft? 
Es sollte stehn: “Im Anfang war die Kraft” 
Doch auch indem ich dieses niederschreibe 
So warnt mich was das ich dabei nicht bleibe 
Mir hilft der Geist. Aufeinmal seh ich Rat 
Geschrieben steht: “Im Anfang war die Tat” 



The scripture reads: 

“Initially was the word” 

Here I get stuck who gives me help of sort? 

For sure the word is overrated 
It must be differently translated 
If inspiration clears my thinking's mist 
The scripture means: 

“Initially was the gist” 

No, it means “sense!” Don't write it down too fast 
Consider that your work should stand to last. 

Is it the sense that sets occurrence’s course? 

It should translate: “Initially was the force.” 

But even as I write this in the annul 
I feel a warning that this is not really final 
All of a sudden I find satisfaction 
The scripture says: “Initially was the action.” 

ftranslated by the author) 



These lines encompass four fundamental concepts that are important for all or- 
ganisms: Action and Force, which are connected to the energetics of life, and Sense 
and Word, which are connected to information. Living and dead matter is subject 
to the action of irreversible flux processes or forces: diffusion, fluid flow, heat-en- 
ergy transfer, and charge flow. Mechanical forces create motion of macroscopic 
structures. But life is more than motion. As Thomas Mann observes “Life is re- 
membering the form as matter flows through it.” The form is maintained by the 
internal information, the connection of the molecular letters ACGT into words of 
the genetic code of each cell. Life is also the continuous evolution that brought sin- 




Fig. 1.2. Evolution of body mass. Early animals only swam, in the ocean later the they 
learned to walk and fly to occupy the land and the air 
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gle cells to the level of octopus and Homo sapiens. And life is the ongoing evolu- 
tion that we witness around us. This evolution would not proceed without input of 
information from the surroundings gathered by the senses. 

This book addresses these four components of life and related material from a 
physics perspective in order to derive quantitative models of body design, action 
and physical limitations of animals. The work generally contains the following 
steps: discuss the underlying physical principles, present the relevant fundamen- 
tal equations, construct simplified models, collect and insert the pertinent mate- 
rial constants, derive simplified equations, and calculate numerical values. 

The topics are arranged, as they might have become important for the young 
life on earth. Chapter i begins with the metabolic rate F, an empirical relation for 
daily ration of food, which is needed to maintain the body functions. Also dis- 
cussed are some other empirical allometric scaling relations, which are later used 
to compare animals of different sizes. The metabolic rate affects many life func- 
tions. Its dimension is energy divided by time. 

The first steps of physical modeling must involve relations between energy and 
matter. It is the realm of thermodynamics, presented in Chap. 2, where tempera- 
ture T, and the first law of thermodynamic rules supreme over animals of any size. 
Since higher animals operate at constant body temperature, questions of heating 
and cooling are included in this chapter. Evolution leads from small to larger ani- 
mals, and from water to land and into the air. This brings up questions about body 
forms, and materials that can withstand all the forces that animals may encounter. 
Chap. 3. Single cells can feed themselves by diffusion alone. More involved fluid 
flow system become necessary for larger animals. They are described in Chap. 4. 
Big animals must move around to gather their food. Locomotion, Chaps. 5 and 6, 
is governed by the physics topic dynamics with Newton’s equation, at the center. 
Swimming, flying, and running are the ultimate mechanical achievements of ani- 
mals. 

Organisms rely on internal - and external information. Genes store the fixed 
internal information, which is passed on from generation to generation. Animals 
have developed various senses to collect external data, and brains to interpret the 
information. External information helps in many ways in the struggle for exis- 
tence. The second half of the book describes the physical principles that enable 
the collection of external information. The primary long-distance senses rely on 
waves to receive messages. A short review of the different types of collected infor- 
mation, and properties of the carrying medium, waves, is given in Chap. 7. Differ- 
ent forms of eyes and limitations of the imaging process are described in Chap. 8. 
Sound for hearing and voice communication is discussed in Chap. 9. Some elec- 
trical effects, important to animals, are outlined in Chap. 10. Chapter 11 is a sum- 
mary of general findings, amplifying Darwin’s prophetic words “in the struggle 
for existence... the merest trifle (of difference) would give the victory to one or- 
ganic being over another”. Darwin continues “but probably in no one case could 
we precisely say why one species has been victorious over another”. It is hoped that 
after going through the derivations presented here the reader will disagree with Dar- 
win. Instead it appears that modeling performed within the framework of Zoolog- 
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ical Physics can help to lift the veil of mystery. It becomes apparent that animals at 
every level of evolution have used physics laws to their advantage, millions of 
years before these principles were discovered by scientists and engineers. 

The purpose of the first chapter is threefold. First, we describe how some ac- 
tions and processes that living organisms utilize are already present as physical 
phenomena in the inanimate world. Second, we report the empirical quantitative 
relation between body mass M, and the daily energy consumption F, of warm 
blooded animals. It is known as the metabolic rate and we describe 

some other body parameters /which can be given as allometric relations, namely 
functions of the form /=aM“, where a^i. We believe that all these allometric 
functions ultimately express some physics limitation imposed onto life. Indeed 
some of these functions will be derived from first principles or traced back to the 
metabolic rate in later chapters. Third, we delineate how the new subject of Zoo- 
logical Physics differs from traditional Biophysics, and how it fills in holes be- 
tween the disciplines of Biology, and Physics. Further, we comment on the 
strength and shortcomings of Physical models of biological systems. 



1.2 The Hourglass of Change 

The inanimate world is full of action and motion. Much of it seems to go on “by it- 
self” or in the language of physicists due to irreversible processes. Continental 
drifts, volcanism, climatic variations, shape the continents. Rain, wind, ice, and the 
diurnal and seasonal variations of temperature, pressure, and solar radiation con- 
tribute their part to change the local terrain. Winds blow, lightning strikes. Hurri- 
canes whip up the oceans and uproot trees, rain falls, lakes freeze over, rivers tum- 
ble down the mountains. Waves pound the shores, and within this scenery life 
flourishes and evolves. What is cause and what is effect of these automatic reac- 
tions? We will see later that these reactions are actually used by living organisms. 



1 .2.1 Differences and Chemistry Make Things Happen 

It seems that many things happen by themselves. However, in reality the differ- 
ences, generically called potentials Af, make things happen. The quantity / can 
stand for temperature, T, pressure, p, number density, n, force F, and charge, e. 

We measure time by the events that happen: years by the seasons, days by the 
rotation of the earth, minutes by the dropping of sand in an hour glass, or the 
dripping of water in a water clock, microseconds by the ringing of some quartz 
crystals in a computer chip, nano seconds by the return time of a light beam in a 
laser cavity. Time has meaning for us if we can relate it to some action. Figure r.3 
indicates some familiar events. 

A foot on ice gets cold, balloons loose their shape after a while. A sugar cube in 
water gradually dissolves and after a few days all the water tastes equally sweet, an 
iron nail in water will start to rust. Batteries loose their charge, objects perched on 
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Fig. 1.3. Quantities that can induce change, (a) Temperature differences AT, (b) pressure 
differences Ap, (c) concentration differences An, (d) gravitational potential differences Ay, 
and (e) electrical potential differences Av 

a cliff will slide down. Such automatic actions, are the physical background 
against which life unfolds. We intuitively know that all these automatic actions - 
these predictable events - reduce the differences that caused them. They are “just 
chemistry”. We know that the actions stop when the differences have disappeared, 
when “equilibrium” is reached, when stable, that is less energetic, chemical com- 
pounds have been formed. No differences, no impromptu actions,... and no life 
on earth. Time seems to stand still. These automatic actions have been harnessed 
by life in many ways and they are incorporated in the actions of every organism on 
earth. These automatic effects of the inanimate world are indispensable for many 
activities of animals. The rusting iron nail illustrates a chemical reaction. Eating 
and digestion involves chemical reactions that supply the body with energy. 

The very close link between the daily energy consumption and body mass will 
be discussed later in this chapter. The warm foot standing on the ice initiates heat 
conduction. As time goes on heat will flow, the foot loses energy and gets cold. Si- 
multaneously some ice gains the same amount of heat energy and melts. Warm- 
blooded animals must avoid such loss of heat. The temperature difference AT 
drives the heat flow: the larger AT, the faster the heat will flow. Actions and 
processes associated with heat flow will be discussed quantitatively in Chap. 2. 

The balloon in Fig. 1.3b keeps its shape by the excess pressure Ap =p^-pg- Sim- 
ilarly a caterpillar gets its shape from the excess pressure Ap of its body fluids 
which are in balance with the tension forces in its skin. Such processes are dis- 
cussed in Chap. 3. As time goes on some air will diffuse through the rubber mem- 
brane, and the balloon will shrivel up, the higher Ap, the faster the air escapes 
through minute holes in the balloon. When an animal dies the skin becomes a 
limp bag. This is diffusion through a membrane, a process basic to the absorption 
of oxygen in the lung. A sugar cube in water gradually dissolves. First the sugar 
molecules stay close by, but then they gradually diffuse into every corner of the 
fluid. The sugar molecules “diffuse” away from the crowd. Diffusion wipes out the 
difference and gradually fills every segment of the fluid; however, the farther away 
from the sugar cube the lower the diffusion rate. Diffusion flow proceeds the faster 
the larger the difference An = n-^-n^. Diffusion processes limit the maximum size 
of single cell organisms. When a spider sucks out some of the juicy interior of its 
prey a convection pipe flow is set up. Fluid flow and diffusion are discussed in 
Chap. 4. 
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Fig. 1.4. (a) Inflating a balloon to make it fly. (b) Lifting a weight by lowering a larger one. 
(c) Pumping water with the help of a water wheel that extracts energy from a river 



If the orifice of the balloon is not tightly sealed, a jet stream of air will be ex- 
pelled by the pressure difference and the balloon will lurch forward, Fig. 1.4 a. The 
pressure difference generates an air- flow that propels the balloon. Such jet propul- 
sion is actively used by squid, and octopus, see Chap. 5. 

A rock perched precariously on a cliff will slide down sooner or later. The force 
of gravity pulls it down. As it slides down the slope it loses potential energy, con- 
verting most of it into friction work. Often more than one force, is at work. Think 
of two dogs fighting over a sock. The outcome is quite predictable. In the case of 
two equally strong dogs there will be a stalemate. Fig. 1.5 a. The forces are equal 
and opposite AF = F- F = 0. No motion occurs. This is static equilibrium, a topic of 
Chap. 3. However if the dogs have different size. Fig. 1.5b, the stronger dog will 
have the upper hand, because it can muster the force F^, which is larger than As 
we will see in Chap. 5, the resultant AF=F^-F^^ generates an acceleration towards 
the left, which in turn causes a motion at increasing speed. The big dog does work 
as he pulls, and work is a form of energy. All living cells accumulate useful atoms 
or molecules and keep the unwanted ones out. This is the basis of life. It so hap- 
pens that many atoms preferentially occur in the form of negatively or positively 
charged ions. Therefore living cells separate charges as they select certain ions. 
They are little batteries continuously charging themselves to some electric poten- 
tial AV. Charging and discharging of cells is a fundamental action of living organ- 
isms that enables nerve conduction and the gathering of information by the sens- 
es. Sight and sound are discussed in Chaps. 7, 8, and 9. When a battery is 
discharged, an electric current j flows, and the electric power F=j AV is dissipated. 
This is the basis of some electrical effects discussed in Chap. 10. 




Fig. 1.5. (a) Balance of forces, (b) excess forces Induce motion 
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In each one of these irreversible processes energy changes hands. The energy is 
lost from the object with the higher potential.^ However, in total no energy disap- 
pears. Part of this lost energy accumulates in the object with the lower potential. 
The rest dissipates in, friction, or in Ohmic loss, and reemerges as heat which 
warms up the conducting medium, and finally ends up in the environment. Think 
of a cable that heats up when an electric current passes through, or think of your 
hands that heat up when a rough rope slips through your fingers. The common 
link between these processes is the gradual disappearance of differences, nature’s 
perfect socialism. 

One can accurately measure how much energy changes hands, by determining 
how much energy is needed to repair the damage, and reestablish the old condi- 
tions. For instance to re-inflate the limp balloon. Fig. 1.4a one must invest the en- 
ergy where V is the balloon volume. Given enough energy all these 

irreversible processes, described above, can be reversed. A weight can be raised by 
lowering a slightly larger one. Fig. 1.4b. Water can be raised with a pump that ex- 
tracts energy out of the flowing river. Figure 1.4c. Therefore, these processes 
should rather have been called “ill-reversible”.^ The approach towards total equi- 
librium can be described with a scaled quantity: energy divided by temperature, 
called entropy. 



1 .2.2 Life and Entropy 

All these irreversible processes have a common feature: they erase differences, 
they have a time direction, and they transfer energy to the lower potential. Con- 
sider the heat transfer from a hot body T^, to a cold body T^. An amount of heat en- 
ergy AQj^ = -AQ is removed from the upper potential, and is added as AQp= -l-AQ to 
the lower potential. The sum AQj^-t- AQ^ vanishes, because no energy is destroyed 
or created in the transfer process. However something happens to the scaled 
quantity.^ ASj^= -Aq/T^ and AS^= +Aq/T ^ , called entropy S. If the amount of heat Aq 
passes from the hot to the cold body, there is the change of total entropy 
ZS=AS]^-t-AS^, but the transferred heat |Aq| is the same. However, since the tem- 
peratures are different, the gain AS^ is larger than the loss ASj^. Therefore the total 
change of entropy of the universe due to this irreversible process is positive. 

i:S = AS^+AS ^>0 (1.1) 



^ Lost energy A q is counted negative; energy gained is counted positive 
^ Different processes could be happening at the same time. An electrostatically charged 
balloon, filled with hot argon gas that is heavier than air, could be perched on a ledge. 
This balloon would cool, loose its fill gas, and its electrostatic charge, and roll down the 
preci-pice 

3 Scaled quantities are useful. For instance the stock value of a company when scaled by 
the annual earning yields the yardstick price per earning 
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For each one of the irreversible flow processes mentioned in the previous sec- 
tion the entropy increase ZS can be calculated. In every case the total entropy in- 
creases as the differences disappear. The price for the automatic action is an in- 
crease of the entropy of the universe. 

Living organisms distinguish themselves from inanimate structures by the 
ability to control and utilize potential differences for starting and maintaining ac- 
tions. Control arises from information provided by the genes or gathered by sens- 
es and processed by the brain. Life’s secret is the ability to make and maintain po- 
tential differences against the natural flow of events, namely to accumulate, and 
maintain concentrated regions of materials, of pressure, of temperature, of charge. 
This requires energy, which living organisms extract from metabolic processes 
that consume more external energy. Animals exist because they can create the 
concentrations of good molecules inside their cells, because they can maintain 
pressure gradients to make their blood flow, and because they can hold constant 
body temperatures even in blazing heat of the tropics or in the frigid waters of the 
Arctic. Survival means that all living organisms are able to assemble and maintain 
their operating conditions, which are optimized for their position in the biosphere 
against the trend of natural events. In short, all living organisms continuously 
work against the disappearances of differences. There is no real socialism in na- 
ture only “marriages of convenience”, in which each organism gains something in 
return for giving up some of its resources. In life functions like in many physical 
processes of dead matter the potential differences are used up in the most gentle 
way, to increase entropy at the least possible rate. 

Entropy has the unit energy/temperature. One does not have an intuitive feel- 
ing for entropy. Energy is easier to perceive. One is aware how much energy it 
takes to climb a mountain. A mountain climber knows how a granola bar, eaten af- 
ter the ascent, reactivates the body. One knows how far the energy in one liter of 
gasoline will move one’s car. One is afraid of the energy in an avalanche, or the en- 
ergy in a charging bull. A convenient energy scale for atomic process is tempera- 
ture T multiplied with Boltzmann’s constant kg= 1.38 • 10“^^ }/K. The quantity k^T 
is the thermal energy per unit mass of an object. Therefore the kg-scaled entropy 

(7 = AS/kg = AQ/kgT (1.2) 

is a dimensionless number, namely the ratio of the energy (gained or lost) to the 
average thermal energy per unit mass of the object. Hence (7=AS/kg can be viewed 
as the percentage- change of heat contents of the object. A percentage change is 
easy to perceive. We deal with it in everyday life. A much-talked about percentage 
change is the increase of take home pay in salary negotiations. The most notori- 
ous percentage change is the increase in the cost of living. It is somewhat akin to 
the increase of scaled entropy in the universe. 

Entropy is also related to information. An increase of entropy is like an increase 
of the general uniformity. Less stands out. The information content is lowered 
when the total entropy ZAS increases. Inversely when information is accumulated 
there must be a local decrease in entropy, bought most likely at the expense of in- 
creasing the entropy in another part of the system. 



10 



1. Information, Matter, and Energy 



New treasures of information yield an elevated understanding, a decrease of 
the general confusion. Clarity of thinking, Genius, lowers the information entropy, 
and exciting events happen at the crack lines between disciplines like the subject 
of Zoological Physics. 



1 .3 Energy, Metabolic Rate, and Allometry 

Matter is the substance from which bodies are built, energy is the fuel that drives 
all processes of life. Both matter and energy are constantly flowing through each 
animal. They are only temporarily borrowed. 

Energy can exist in many different forms, it can move from one object to an- 
other, but it is never destroyed. All actions are driven by the conversion of energy 
from one form to another. The laws that govern the flow of energy and informa- 
tion rule not only the inanimate world and technical devices, but they also govern 
the structure and action of living organisms. The overall energy consumption is 
reduced when animals substitute information for body motion; it takes less ener- 
gy to detect and identify something from a distance by sight and sound, or by elec- 
tric or magnetic fields instead of going there to taste, or touch. Sharp senses assist 
in communication, and they can make the difference between life and death. The 
physical laws directly or indirectly associated with the use of energy are discussed 
under the headlines heat transfer, statics, dynamics, acoustics, optics and electric- 
ity, and magnetism. These laws provide many opportunities and set some limits, 
which animals have exploited to the fullest. 

All animals must continuously support their metabolism. Their energy con- 
sumption is called the metabolic rate, F with the unit Watt. It came as a great sur- 
prise when biologists realized that there is an analytic relation between the body 
mass and the resting metabolic rate of animals. 



1 .3.1 Empirical Determination of Metabolic Rates 

All animals eat. How much food do big animals need to exist? It is well known that 
small animals eat less than big animals. Therefore there should be some relation- 
ship between the body mass M, and the average (food) energy consumption F. In- 
gesting food gives animals the ability to do physical work in their daily routines. 
In order to generate energy from a certain mass Am of food the animal must also 
inhale a quantity of oxygen ( 0 ^). The reaction yields a certain amount of heat of 
reaction AH=Am ■ h, and reaction products. The process can be expressed as an 
energy balance equation: 

Fuel -I- oxygen = AH -I- reaction products (waste) . (1.3) 

This relation holds for animals as well as for combustion engines. Combustible 
substances are characterized by their specific heat of the reaction h J/kg. The total 
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Table i.i. Specific heat of combustion h of food, and fuel. Data adopted from Tennekes [1997] 





h MJ/kg 


$/kg 


$/MJ 




h MJ/kg 


$/kg 


$/MJ 


prime beef 


4 


20 


5 


starch 


21 


3-6 


0.18 


whole milk 


2.8 


8 


2.86 


bacon 


29 


8 


0.28 


sugar 


14-15 


0.8 


0.06 


butter 


32 


6 


0.19 


cheese 


15 


12 


0.80 


gasoline 


42 


0.60 


0.014 


corn flakes 


15 


6 


0.4 


natural gas 


45 


0.30 


0.007 



heat of reaction AH maybe given in Joule, J, in calories, cal, or in large calories. Cal, 
which are converted as 1 cal = 4.18 J, 1 Cal = 1 kcal = 4 180 J. Values for various sub- 
stances are given in Table 1.1. 

The heat of reaction is used to support all life functions. Heat of reaction pays 
for the energy costs of motion, growth, supporting the sensory organs, transmit- 
ting nerve signals, and transporting nutrients and wastes as well as for the re- 
placement of tissue and organs. Since oxygen is a necessary component of the re- 
action, one can measure the energy release rate AH/Af by measuring the oxygen 
consumption (/=mass of oxygen atoms consumed per second) as indicated in 
Fig. 1.6. Such measurements have been made for many animals. 

The metabolic power consumption F of an animal of the body mass M, name- 
ly the daily rate of intake of chemical energy AH, can then be determined. 



AH Joule 

24 h/day • 60 min/h ■ 60 s/min 



(14) 



Kleiber [1932] plotted such values for various resting warm-blooded animals 
on log-log paper, and found a unique function, Fig. 1.7 which has the form 

aM“= 4M^^'», (1.5) 




Fig. 1.6. Oxygen consumption 
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Fig. 1.7. The metabolic rate F, “Mouse to elephant curve”, and specific metabolic rate 
Y^=I^/M. Data adopted from Schmidt Nielsen [1984] 



where M is measured in kg, and the constant a = 3.6 = 4 has the dimension 
Watt/kg^^-* to give the unit Watt. Active animals exceed the resting metabolic rate 
7 ^ by a factor b in the range 2 < h < 15. One would expect that the metabolic rate is 
a linear function of the body mass (a=i), however the numerical value of the 
metabolic exponent a is not easy to explain. 

Initially it was thought [see for instance K. Schmidt-Nielsen 1984] that 7 ^ 
should scale with the exponent a = 2/3, which arises if the metabolic power pro- 
duction just compensates the heat losses of the warm-blooded body conducting 
heat through its surface. The exponent 0.75 can be derived from physical models 
that look at the mechanical power loss of the fluid flow in the blood system due to 
the branching of arteries into smaller and smaller vessels [see Spatz, 1991, West et 
al. 1997, and Bejan 2000]. However, it seems that neither of these models is com- 
plete, because the metabolic rate must account for all irreversible losses. It has to 
include the mechanical power losses of fluid flow as well as the reaction heat loss- 
es ( 5 Q = TS) to the surrounding. Furthermore the scaling F = const with the 
metabolic exponent a~^k even holds to the size of bacteria [see Hochatchka, and 
Somero 2002, and Darveau et al. 2002] where none of the macroscopic heat and 
convection transfer processes are involved, but where diffusion dominates. The 
relation (1.5) contains the second law of thermodynamics for living organisms. 
Quite likely (1.5) implies a net entropy production at the minimum rate. 

The metabolic rate has far reaching consequences for the body design and per- 
formance, as we will see in many examples. At this place we only draw one conclu- 
sion from this experimental result, namely bigger is better in many respects: The 
specific metabolic rate }' = 7 ^/M, namely the metabolic rate per unit body mass, 
decreases with M. 
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X, = r^lM = 4M~^'^ (1.6) 

This function is drawn into Fig. 1.7. Big animals have a smaller specific meta- 
bolic rate than smaller ones. Pound by pound they don’t need so much food and 
oxygen. That can certainly be an advantage when food is in short supply. As we 
will discuss in detail later, big animals have less surface area per body mass, and 
therefore don’t lose heat so rapidly as small animals. Big marine mammals can 
dive longer than small ones, because they can store more oxygen in their muscles. 

The animal “human” consumes food containing about 3 000 kcal = 12540 kj per 
day. This is an average power of 12540 k} per day/(24h/day-36oosec/h) = i45 W. 
Part of the power maintains the body functions, part generates mechanical mus- 
cle power, about V4 supports the brain functions. The rest appears as heat .4 With 
this intake a person can deliver about 80 Watt of mechanical power on a continued 
basis, and can produce short power spurts of 200 - 1 000 Watt. 

Metabolic rates scale with body masses M raised the power a ~ 2/4. Many other 
body parameters also scale with the body mass M raised to some power a^i. 
Such functions are called allometric. 



1.3.2 Allometry 

Body functions that do not scale linearly with body mass M are generally called al- 
lometric. Quite a number of such functions are empirically known for living and 
inanimate objects. For instance the power P = const consumed (emitted) by 
main sequence stars can be approximated as allometric relation of the star 
mass M. A short survey of such relations is given here. In later chapters some of 
them will be derived from first principles, in order to show how physics rules be- 
hind the scenes. 

Animals have honed their body plans for eons, taking advantage of all the laws 
of physics, and the limitations of the material constants. It is therefore to be ex- 
pected that each animal has found - for its niche in the biosphere - the right pro- 
portions of muscles, skeleton, lung, brain, heart. That it has found an appropriate 
lifetime, locomotion- and heart frequency, and has reduced its energetic cost of 
transport to an absolute minimum. It turns out that some body parameters, la- 
beled/ can be represented as allometric functions of the body mass M. 

/[u] = aM“ (1.7) 

The quantity u in the square brackets behind /indicates the unit. For instance 
if/represents the lifetime T of an animals the unit of T could be given in seconds, 
minutes, hours, days, or years. Relations like (1.7), in which the exponent a differs 



4 Today the average power consumption per person in North America is about 80 times as 
large. 
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Fig. 1.8. Allometric function. The parameter /with slope a^i and intercept a is shown as 
function of mass M 

from 1 are called “allometric”. Such relation can be displayed as a straight lines 
with the slope a in a log/versus log M plot. Fig. i.8. 

If for instance the life times of animals are displayed as an allometric function 
each data point describes the average life time of one particular animal. Elephants 
show up as a point on the right edge of the graph, dogs as a point somewhere in 
the middle, and mice as a point on the left edge of the graph. Table 1.2 gives the pa- 
rameters a, and a for various organs or body functions adapted from the litera- 
ture. Although these parameters are quoted with 2 significant figures these num- 
bers should be rounded off to only one significant figure in recognition of the fact 
that they describe statistical averages of animals of all ages. 

In allometric relations the quantity/cannot be expressed as a fixed percentage 
of the body mass for small and large animals. Compare for instance the brain 
mass of a small rodent of M= 0.1kg and a water buffalo at M= 1 000 kg. The rodent 



Table 1.2. Allometric parameters for mammals. Most data are data adapted from Vogel 
[1988], more extensive allometric data are given by Schmidt-Nielsen [1984] 



parameter 

body surface in m^ 

brain mass (man) in kg 

brain mass (non primates) in kg 

breathing frequency in Hz 

cost of transport (running) in J/m- k 

cost of transport(swimming) in J/m -kg 

effective lung volume in m^ 

frequence of heartbeat in Hz 

heart mass in kg 

life time in years 

metabolic rate in W 

muscle mass in kg 

skeletal mass (cetaceans) in kg 

skeletal mass (terrestrial) in kg 

speed of flying in m/s 

speed of walking in m/s 



factor a exponent a 



0.11 


0.65 


0.085 


0.66 


0.01 


0.7 


0.892 


- 0.26 


7 


-0.33 


0.6 


-0.33 


5.67- 10”5 


1.03 


4.02 


- 0.25 


bo 

0 


0.97 


11.89 


0.20 


4-1 


0.75 


0.45 


1.0 


0.137 


1.02 


0.068 


1.08 


15 


1/6 


0.5 


1/6 
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has the brain mass 0.01 • o.i°-^= 0.002 kg, which is 2% of its body weight. The 

water buffalo has the brain mass 0.01 • 1 ooo°'^= 1.26 kg. This represents only 
0.12% of its body weight. Relatively speaking the rodent is much brainier. It is 
quite likely that each one of these relations expresses some optimization involving 
the laws of physics or limits of phases of materials, and physical constants, such as 
diffusion constants, strength of materials, latent heats, drag coefficients, electrical 
properties, etc. One can speculate that similar allometric relations should exist for 
many more body functions and design parameters. 

The most important of these allometric relations is the metabolic rate, which 
governs many of the body functions such as the mechanical power production of 
animals. Some of the empirical constants, a and a will be derived from first prin- 
ciples in later chapters. Some of them can be traced back to the still poorly under- 
stood metabolic rate scaling. 

The allometric relations indicate that body mass is a key parameter for ani- 
mals. Often bigger is better, but, as will be shown later, there are ranges and limits 
on the body mass due to various physics principles. 



1 .3.3 The Benefits of Large Bodies 

Large size has many advantages for an animal. Big bodies can store energy in fat- 
ty tissue to carry the organism through lean periods. As a quantitative measure 
one can define a body mass decay time, Af^ ^ namely the time which it takes for a 
starving animal to lose 10% of its body mass M. 

The metabolism of a warm blooded animal utilizes chemical energy at the rate 
AH/At = I^~ Assume that the energy is derived from burning body fat with 

a specific enthalpy h = 2.5 • lo^J/kg. A loss of 10% of body tissue represents the 
mass Am = o.iM with the energy content AH=h-Am = 2.5-io^-o.iM=2.5-io^M. 
The 10% body mass decay time is 

At^^= AH/r=2.s-io^-M]l{4M^^*]ls)= 6.25-io5M'^'*s . (1.8) 

This energy decay time increases with Large animals can stand starvation 
better than small ones. 

The surface area A of an object of mass M scales as A= constM^^^. The surface 
area per unit mass therefore scales as A/M = const gjg bodies have less sur- 

face area per unit mass. Therefore they will lose less heat when it is cold. Deep div- 
ing whales make frequent excursions into very cold water. Their skin may get cold 
but the inner organs stay warm. When they dive they have to hold their breath. But 
oxygen maybe stored in tissues, so again large size is an advantage. Large land an- 
imals having large legs can roam farther and run faster to find food. Big animals 
generally have less to worry about enemies. Big size is definitely desirable if food 
is plenty. 

However, the burden of a large body falls onto bones, joints, ligaments, tendons, 
and muscles to keep the structure up and moving. As we will show later, bodies 
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cannot be scaled up like photographic enlargements. Such geometric scaling is 
ruled out (i) for reasons of statics design, (ii) for limitations in the thermal con- 
trol, (iii) for restrictions imposed by inertia forces, and (iv) for fluid drag prob- 
lems associated with laminar and turbulent flow. Geometric scaling generally 
does not apply, yet some parameters of different animals like the masses of their 
organs, body functions like their breathing parameters, and heart frequency, and 
their propagation velocities in water, air and on land, can be described systemati- 
cally as simple functions of their body mass M. 

Each new achievement in the evolutionary chain meets without fail new physi- 
cal limits, set by the laws of physics and the magnitude of material constants. Evo- 
lution has lead from very small organisms that only contained the genetic code to 
animals with ever-larger masses; very small animals get by with diffusion alone. 
Animals with body masses larger than about io“®kg need a convection system to 
transport nutrients and wastes in and out of the body. Land animals larger than 
about 0.001kg must have exoskeletons or bones. Lower mass limits exist for such 
achievements as active flying and a constant elevated body temperature. Warm- 
bloodedness enables animals to inhabit large tracts of land in colder climates. Ac- 
tive flying gives them a chance to migrate annually across the globe. 

Bigger is better because big animals have a smaller specific metabolic rate 
]^=7^/M= const and a lower energetic cost of transport. However, being too 
big is not an asset either; birds larger than M= 10kg cannot fly, and huge animals 
will starve when food becomes scarce. In fact there is a trend in the last 200 mil- 
lion years to replace size by intelligence, or to substitute matter, and energy by in- 
formation collection-, and processing abilities. Model calculations that support 
these statements are reported in later chapters, and are summarized in Fig. 1.9. 
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1.4 Zoological Physics Modeling 

Scientific understanding of the world progresses through observation and theory, 
which mutually reinforce each other. Darwin [1861] described this scientific 
method with some astonishment: “How odd is it that anyone should not see that 
all observation must be for or against some view if it is to be of any use.” Inherent 
in this statement is the notion that everything we know is governed by a sense of 
order, that the operating principle of life is not chaos but plan. 

Physicists build models, they practice the art of reducing real problems to sim- 
pler situations. Thereby they attempt to bridge the vacuum between empirical 
facts. Models are often non- exclusive. They are just one possible approach to de- 
scribe a particular problem amongst others that would yield similar results. 

Zoological Physics attempts to derive quantitative models of body design and 
actions of animals for the purpose of explaining or interpreting zoological data. 
Therefore this new field of study presents a Physicist’s viewpoint of life functions. 
Physics deals with just a few parameters such as mass, temperature, length, time, 
and with derived quantities such as frequency, speed, energy, intensity, pressure, 
and force. Zoological Physics uses these parameters to describe the construction 
of animals and their various activities, using principles from all fields of classical 
physics: Thermodynamics, Statics, Dynamics, Acoustics, Optics, Electricity, and 
Magnetism. 

Zoological Physics deals with large-scale effects but occasionally one cannot 
fail to see how the microscopic events reveal themselves in the macroscopic phe- 
nomena. Life resfs softly but firmly on the canopy of molecular interactions, uti- 
lizing chemical energy sparingly and without haste. 

A word of caution of the numerical accuracy of the results is in order. Physics 
equations generally have a high degree of accuracy. However, in these models one 
encounters parameters of quite different character: (i) Group behavior parame- 
ters like the factors a and a in the allometric equation (1.7), (ii) material constants 
like the thermal conductivity of blubber, or the tensile strength of tendons, and 
(iii) physical constants, like Planck’s constant or the specific heat of water. Physi- 
cal constants are known to many decimal places. Material constants of a particu- 
lar specimen can be measured precisely. But another sample might yield a slight- 
ly different value differing perhaps by a few percent. Group behavior parameters 
may vary significantly: scaling laws that sumarize the behavior of different ani- 
mals have an inherent scatter of data. This may be illustrated by metabolic rate 
function Fig. 1.7, where upper and lower bounds have been drawn as lines parallel 
to the function. These lines are separated by the factor S ~2 indicated on the 
right border of the figure. Therefore the numerical answers derived here from 
model calculations should be viewed with some caution. If material constants are 
involved the answers might be good to ± 10%. However, group-scaling calculations 
may easily involve uncertainties of a factor 2. They are however still better than 
dimensional analysis, and they often allow determining whether the results are 
upper or lower bounds. 
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In order to remember that the model calculations leave a certain leeway in the 
interpretation it is attempted here to avoid “tierischen Ernst” (animal-like seri- 
ousness) by sprinkling the text from time to time with light hearted comments 
and sketches. 



1 .4.1 Where Zoological Physics Fits in 

The building blocks of all organisms are individual cells, which typically measure 
one micrometer i p = lo”® m across, one thousandths of a millimeter. Countless or- 
ganisms only consist of a single cell. Animals that we can see with the naked eye 
are often made up from millions of cells. The properties of these atoms of life set 
the stage for all aspects of life. Therefore an enormous research effort, in bio- 
physics, is concentrated on the study of single cells and the design and the work- 
ings of their components, particularly the genes. Genes control the reactions and 
actions that rule the lives of all animals. Genes are the alphabet of the code, which 
each organism strictly obeys. However, the script of the genetic code in turn is 
slave to the rules and laws of physics, which are the supreme constitution by which 
dead matter, from dust to stars interacts, and by which all animals must live. 

Single cell organisms deal with many physical effects related to energetics: sta- 
tistics, light and dark, hot and cold. However, larger animals must heed additional 
constraints, and enjoy additional opportunities given by the physics of macro- 
scopic scales. For instance single cell organisms have no voice, they cannot see, 
they are unable to jump or to actively fly, and they cannot maintain a constant 
body temperature. Such effects become important only for larger organisms. 
These topics of Zoology are modeled here with physics concepts and equations. 

To set these topics apart from the traditional field of Biophysics, we have called 
the subject Zoological Physics. 

Of interest are the design, evolution, and actions of animals and their organs. 
This involves temperature control, allometric scaling, internal transport, limb mo- 
tion, locomotion, senses, and communication; in short all the effects that are con- 
nected to large assemblies of cells, and that are used to manipulate the environ- 
ment of the organism. This line of interdisciplinary inquiry is fairly new, and 
much can be explained, as will be shown, with the concepts of classical physics. 
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Fig. 1.10. Where Zoological Physics fits in 
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The distinction between Biophysics and Zoological Physics becomes very ap- 
parent when one classifies the objects of study by the number of atoms of which 
they are composed, see Fig. 1.10. Zoological physics, with subjects ranging from 
tissue, and organs to individua, and groups of animals occupies the biology of 
large scales. 



1 .4.2 The Warp and Weft of Zoological Physics 

Life has an extraordinary ability to maintain successful features. What worked 
once is not easily abandoned, even if it proves to be a dead end given new external 
circumstances. At the same time life possesses a vital originality and opportunis- 
tic inventiveness. 

Physics and Zoology have been traditionally treated as separate subjects. How- 
ever, new insight is often gained at the crack lines between disciplines. Zoological 
Physics intertwines Physics and Zoology like the warp and the weft of a fabric. 
When studying this new subject one recognizes first that biological and physical 
principles together, enable present day’s animals to function, and second that the 
evolution of life on earth proceeded because animals “learned” new physics. 

The corner stones of life as seen by zoologists are energy and information. En- 
ergy is central to the metabolism, to heat budget, and locomotion. The biological 
processes in the senses and the nervous system together with all aspects of genes 
and inheritance fall under the headline of information. Consider these topics as 
the warp of Zoological Physics. 



Table 1.3. The warp and the weft of Zoological Physics. The numbers in the table refer to the 
chapters 
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Physics generally deals with the inanimate matter. Physics topics maybe divid- 
ed into Modern Physics, and Classical Physics. The first addresses properties of 
very small and very large objects: atoms and nuclear particles, quantum mechan- 
ics, relativity, and the universe. Classical Physics is divided into thermodynamics, 
mechanics, fluid dynamics, acoustics, optics, electricity and magnetism. These 
classical fields of physics are the wefts of Zoological Physics. 



1 .4.3 Strength and Limits of Physical Models 

Physicists start by defining the properties of their objects such as length, mass, 
force, time, velocity, temperature, electrical current, thermal conductivity, color 
etc. They then look for simple laws that relate these quantities, and thereby show 
the inherent possibilities and limitations of the device. For instance the period of 
pendulum only depends on its length; a short pendulum must have a short peri- 
od. A short arm modeled as a pendulum hence must make rapid oscillations. 

The main advantage of the physics perspective is tunnel vision; Physicists dis- 
tinguish primary and secondary effects. First they concentrate onto the primary 
aspects of a problem. Then they deal with the less important parts, and they often 
ignore entirely what they consider minor effects. Physicists call this method mod- 
eling. Zoologists apply such methods for instance when describing parameters re- 
lated to body size, and call some results allometry and other results scaling. Often 
their allometric relations are found empirically, and they become subjects of de- 
bate because Biologists are keenly aware of the multitude of biological effects that 
might confuse the interpretation. In contrast, physicists try to derive scaling and 
allometric relations from first principles, neglecting what they deem to be minor 
effects. 

Think for instance of an object moving through the air. If the object is large and 
heavy say a bison jumping off a cliff, physicists ignore the air resistance entirely. If 
the object is small and light like a spider jumping down from a branch, the air re- 
sistance becomes important. It slows down the motion, and yields a terminal ve- 
locity. If the object is shaped like the wing of a bird, the generated lift becomes the 
main effect. By this approach of distinguishing principal effects, secondary con- 
tributions, and negligible phenomena, physicists possess a divide and conquer 
strategy, which facilitates a simplified description of the processes, called first 
approximation. In most cases one can improve the accuracy of the description, by 
including less important effects in a “second” approximation. 

Physical models of organs and animal actions have their strengths and weak- 
nesses. Three nice aspect of physics modeling are: (i) the ability to fill in gaps be- 
tween existing data, (ii) the power to extrapolate and make predictions about the 
actions of organisms under extreme conditions, and (iii) to reveal ultimate limits. 
Three examples may illustrate this predictive power: (i) What is the maximum size 
of organisms that entirely rely on diffusion to nourish every corner of their body? 
We will see that critters with body dimensions below typically i pm can get by 
with diffusion, but larger animals need an internal convection system, (ii) Sup- 
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pose Astronomers discovered somewhere in our milky way the planet Gaia, with a 
mass four times the mass of earth and with an atmosphere, possibly harboring 
life, as on earth. With methods described here we can predict the body mass of the 
largest flying creatures there, and the minimum size of warm-blooded animals 
living in Gaia’s oceans, (iii) Physical scaling laws allow us to predict with certainty 
that no animal eyes can see a virus or a CO^ molecule. 

Physical laws enable and constrain the design and the action of animals. Ani- 
mals that use these laws judiciously, and find optima for material strength, body 
dimensions, process control, or modes of collecting and processing information 
will benefit in a given situation. Therefore one could say that Darwin’s rule of 
“survival of the fittest” is really survival of the best physics; the fitness landscape 
of animals is sculptured by the laws of physics. 

Zoological Physics modeling has both an obvious and a hidden weakness. The 
clearly apparent weakness is the uncertainty of numerical results when extrapo- 
lating from one set of data to similar actions of another specimen. The hidden 
weakness is the lack of exclusive proof for the uniqueness of a particular result. 
When a model, which is based one particular biological function, yields agree- 
ment with some experimental data, one cannot rightfully claim that this and only 
this function is responsible for the observed action. There may very well be other 
phenomena of even more importance to the organisms that lead to the same body 
design or activity. The animal just has learned to optimize its activities simultane- 
ously to satisfy quite diverse requirements, as if it had managed to dance grace- 
fully to the simultaneous tunes of different drummers. On the physics side of 
modeling there is also ambiguity. Different starting assumptions and physics con- 
cepts could also be invoked, and might in fact yield a better understanding under 
slightly different circumstances. The diversity of approaches is well illustrated in 
the context of co-evolution. Aims can often be reached by different means; birds 
fly on feathers, bats fly on skin. Mammals hear with ears on the head, some insects 
hear with their legs. Frogs achieve high image resolution with lens eyes, while flies 
achieve it with the shaped light pipes in their facet eyes. 

Hence when interpreting the results of model calculations, one must keep an 
open mind. The physical model is like the shadow of a multi- dimensional struc- 
ture, it never reveals the full view of the object. Physics is somewhat like Poetry; 
the essence lies not in the symbols and words but in the message, which may be 
conveyed with different allegories. This knowledge should help to take one’s own 
results not as the exclusive truth, but as an approximation of reality. 
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Table 1.4. Frequently used variables of Chap. 1 



variable 


name 


units 


a 


allometric constant 




b 


activity factor 




E 


energy 


1 


F 


force 


N 


h 


heat of reaction 


J/kg 


H 


chemical energy 


J 


j 


electrical current 


A 


J 


Mass flow rate 


kg/s 


M 


body mass 


kg 


n 


number of molecules 






number of mols 




P 


pressure 


N/m^=Pa 


P 


power 


W 


Q 


heat 


1 


Q’ 


heat flux 


W 


S 


entropy 


J/K 


T 


temperature 


C°, or K 


V 


voltage 


V 


V 


volume 


m 3 


y 


vertical height 


m 


r 


metabolic rate 


w 


a 


allometric exponent 




y=r/M 


specific metabolic rate 


W/kg 


CT = S/kg 


scaled entropy 





Problems and Hints for Solutions 

PI.I Skeletons 

a) Determine the skeletal masses of a cat with the body mass M^= 10kg, and an 
elephant (M^= 5 000kg). b) Give the skeletal masses and Af, ^ as percentages of 

the body masses of each animal. What mechanical problems can you envisage? 

P 1 .2 How Many Heartbeats in a Lifetime? 

Calculate the number of heartbeats, N, during the full lifetime of warm-blooded 
animals. A typical technical device, like a spark plug is built for about N^= 10^ cy- 
cles. Comment on the differences of the number of heartbeats for big and for 
small animals with 1 000 kg and M^= 0.01 kg. 

P 1 .3 Lifetime Energy Consumption by the Pound 

Calculate the specific lifetime energy e^= (r/M)T, using allometric relations. T is 
the lifetime. Then calculate for a mouse and an elephant. Which animal makes 
better use of the energy from the environment? 
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P 1 .4 So Sweet so Mean 

A humming bird weighing M= 3.9 g visits 1000 flowers daily and thereby collects 
nectar with an energy content of A/f=7-i2kcal. It’s breathing frequency is 
/br“ 4 heart frequency is/jj= 20 Hz, and the wing beat frequency is typical- 

ly/^b=40 Hz. In contrast to bees, who only see blue-green light, humming birds 
can see red like humans [see R. Conniff 2000]. a) Take an average value of 
AH=g kcal/day. Determine the metabolic rate of the little bird, and the constant a 
for the metabolic rate function r=aM^^'^. b) Compare your calculated value a to 
the constant a^~ 4 of the mouse to elephant curve, equation (1.5), and determine 
the factor b=a/a^. c) What problems can you foresee for such a high metabolic 
rate? d) Do heart beat- and breathing frequency agree with the predicted allomet- 
ric scaling relations of Table 1.2? 

P 1.5 On a Diet 

How many days does it take a 30kg wolf to loose 8 % of its body mass if it cannot 
find any food? Assume an average body mass enthalpy Ah= 25 MJ/kg. 

P1.6 New Caramel Almond Crunch 

The company Haager Dazs has brought out a new ice cream bar with the ingredi- 
ents 5.1 g protein, 25 g fat, and 32 g carbohydrate. The package claims that this 
snack contains 1560k} of energy, a) Is this claim correct? b) For how long would 
this bar support an active person (activity factor h = 5) of body weight 65 kg? 



Hints and Comments for Solutions 

S 1.1 Use the relation for skeletal mass 0.068 M^ °*kg from Table 1.2. Big 

animals carry a lot of bones, and need to develop different motion strategies com- 
pared to small animals. 

S 1 .2 Big and small animals have nearly the same number N of heartbeats. This 
number is about a factor 100 larger than for technical devices. Animal organs 
have self-repairing mechanisms. All atoms in a human body are typically replaced 
within 7 years. 

S 1 .3 This problem is investigated in depth by Andresen [2002]. 

S 1 .5 Mass loss AM = 0.08 M, energy loss AE = AM Ah. For Ah = 25 MJ/kg. The 8% 
body mass decay time is At^^^=AE/I^=o.o 8 M- 25- io®J/kg/(3.6M’^'*J/s) = 5- lo^ 
M'hs. For a wolf with M=3okg one finds Af^ ^g=5-io5 3o'^‘*=i.i7-io^s. A day has 
86400s. Therefore the wolf looses 8% of its body weight in AfQ^Q=i.46 • 
10® s/86 400 s/d = 13.5 days. 
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Epirrhema 



Musset im Naturbetrachten 
immer eins wie alles achten. 

Nichts ist drinnen nichts ist draufien 
denn was innen ist ist aufien. 

So ergreifet ohne Sdumnis 
heilig offenes Geheimnis. 

Freuet euch des wahren Scheins, 
each des ernsten Spieles: 
kein Lebendiges ist eins, 
immer ist's ein vieles. 



As you see an organ's role 
look at details and the whole. 
None is inside none is out 
since within, too, is without. 
So perceive without delays 
nature's open secret ways. 

Do enjoy the physics clues 
playful seen in any 
no life form has single use 
always it has many. 



J. W. Goethe (translated by the author) 



Life - a Station in the Energy Chain 

Radiation energy flows in the universe from its origin in the sun to its cold grave 
in deep space. On the way some rays strike the earth and warm the earth to mod- 
erate temperatures in the range between 270 K and 380 K where water exists and 
life can flourish. 

Myriad of plants on earth convert water, air, and sunlight or geothermal ener- 
gy into living tissue on which, in turn, countless animal species thrive. All living 
beings are entwined and mutually interdependent in the biosphere of which they 
are a part. Each animal receives energy and materials by ingesting food and ab- 
sorbing sunlight, and then passes on energy and through excrements and activi- 
ties. Every animal finally relinquishes its entire body mass M, either when it is eat- 
en, or when it decays after death. 

Energy is the currency that drives events. Energy can appear in many different 
disguises, but is never destroyed. Energy arrives from the sun as radiation at an in- 
tensity S = 1.37 • 10^ W/m^. This power density is equivalent to operating one elec- 
tric teakettle on each square meter of ground. Plants at the bottom of the food 
chain convert solar energy into chemical energy that is stored in starches, fats, and 
proteins. Plants are the food of herbivores, which are the sustenance of carnivores, 
which may in turn be digested by stronger predators or consumed by microbes af- 
ter death. Thus, the sun’s energy is passed along the food chain, appearing in many 
different forms such as chemical energy, internal energy, mechanical work, latent 
heat, kinetic energy, potential energy, or heat. 

Animals that want to move need energy. They extract energy as the heat of re- 
action or chemical energy AH, out of their food. Chemical energy can be convert- 
ed partly into mechanical energy Al^, which can appear as work, as potential en- 
ergy, as elastic energy, or as kinetic energy. As a consequence of the first law of 



26 



2. Energy and Temperature 




thermodynamics only a fraction rj = AWIAH of the heat of reaction AH, can be 
converted into mechanical energy. The remaining energy appears as internal en- 
ergy U, which will raise the body temperature unless it is removed by conduction, 
convection, or radiation. Warm blooded (homeotherm) animals that live in cold 
climates have learned to use this heat as an asset. 

The first topic of this chapter. Sect. 2.1, reviews the parameters of the energy 
chain. Next, in Sect. 2.2 the conservation of energy and the compound efficiency 
are discussed. Section 2.3 describes thermal problems of warm-blooded animals, 
how they control their temperature by dealing with heat losses, and overheating. 
The last Section of this chapter outlines limitations inherent in the principles of 
thermodynamics. 



2.1 Parameters of the Energy Chain 

All animals eat to support their metabolic rate. Animals are part of the food chain 
and therefore part of the energy chain. The basic metabolic rate 7^ supports the 
functioning of the vital organs and enables animals to grow, keep warm, repro- 
duce, see, hear, and think, and maintain the body functions at an optimal level. Ac- 
tive animals increase their basic metabolic rate by some factor b to the level 
r=br^ in order to move around. Parameters of the energy chain include the in- 
gested chemical energy H, the mechanical energy, or work W that is drawn out of 
the food, the efficiency t] at which this mechanical energy is extracted, the inter- 
nal energy U that appears as by product of work production, and the body tem- 
perature T. These parameters are linked by principles of thermodynamics. 



2.1 Parameters of the Energy Chain 
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2.1.1 Temperature 

All biological processes only occur in liquid water. Therefore life can only flourish 
within the narrow temperature limit between the freezing point also called 
triple point T^= 273.16 K (because liquid, gas, and solid can be found at this tem- 
perature), and the boiling point 373.16 K. 

Actually some life forms push these limits. Some critters have antifreeze in 
their body fluids so that their body fluids stay liquid a few degrees below T^^. Some 
other organisms live near thermal vents at great depths in the ocean were the wa- 
ter temperature is a few degrees above T^. 

Generally all objects acquire the temperature of their surroundings unless they 
posses an internal heating of cooling system. The temperature increases when 
heat energy is released. The temperature decreases when heat flows out of the ob- 
ject. Heat is a form of energy. 




Fig. 2.2. Heat, work, and inventions 

Many biological processes have an optimum temperature. Organisms try to ob- 
tain and maintain their optimum temperatures. Primitive animals have to live at 
the temperature of their environment. They become active only when the temper- 
ature is right. Advanced animals control their temperature: lizards move to a 
warm or cold spot, crocodiles wait till the sun is up. Mud wasps fan their brood 
with their wings. Some desert animals wait till the sun is down. Warm-blooded 
critters, called homeotherms, regulate their body temperature continuously. They 
have fur or feather insulation to reduce heat losses in winter, or alternately they 
may expose their tongue in order to remove heat. Migratory animals annually 
move to the most favorable climatic zones. Butterflies and birds leave the northern 
latitudes in the fall when the weather gets cold. 
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2.1 .2 Forms of Energy and Power 

All life forms extract chemical energy out of their environment. Plants generate 
carbohydrates from water and carbon dioxide with the help of sun light. Plant 
eaters generate chemical energy when these carbohydrates react with oxygen. 
Specific chemical or heat of reaction range up to h = 50 kj/g, see Table 1.1. A sugar 
cube weighing about 1 gram contains approximately 20 kj. 

Energy may appear in many forms, such as heat, work, internal energy, kinetic 
energy, potential energy, see Table 1.2. Energy can be converted from one form to 
another with but it can never be destroyed. This fundamental fact is called the first 
law of thermodynamics. Energy is measured in Joule J, or in calories 1 cal= 4.18 J. 
The food industry uses large calories 1 Cal = 1 000 cal = 4.18 kJ. Internal energy can 
appear as heat that passes from hotter to colder bodies. 

Mechanical energy can appear in three forms, kinetic, potential, or elastic. An 
object of mass M raised to the heighty has the potential energy £p^j=Mgy. If this 
object moves at the speed u it has the kinetic energy If the object is 

elastic like a spring, with the spring constant k, and it is stretched by the distance 
s, it will contain the elastic potential energy = V2k • All mechanical energy can 

be converted into heat. However, in the reverse process only a fraction rj of heat 
energy can be converted into mechanical energy, and even this requires special 
machinery. One can warm the fingers by rubbing the hand. Yet, if one has hot fin- 
gers and holds the hands together, they do not suddenly start to perform rubbing 
motion. 

Table 2.1. Forms of energy and power 



form 


energy [Joule J] 


power [WattW] 


light 


intensity I • area • Af 


I • area 


chemical 


specific enthalpy of reaction h. 


h times mass flow rate 


internal 


heat of fusion , 


AU times mass flow rate 


(thermal) 


heat of vaporization L^: 


C^= specific heat of gas 




gas; t/=(3/2)Rgr,At/=C^Ar 


Rg= gas const mechanical 


mechanical 


work:AW=F- As, 


^mech=^' “ 




kinetic: ^hMu^ 


force F, 




potential: £pg(= M g Ay, 


velocity u 




elastic potential: £^[ = V2k- Ax^ 


height difference Ay 




AW= rj AQ, energy efficiency 77 


Ax extension of spring 


heat 


AQ = c M AT; c specific heat. 


Q’ = dQ/df 



In many processes one must consider the^ow of energy. This quantity is meas- 
ured in Watt (1 W=i J/s). For instance when an animal metabolizes a certain nu- 
tritious energy AH in the time Af, the animal has the metabolic rate r=AH/At. 
When a certain amount of work AW is delivered, or some quantity of heat AQ is 
removed in a time interval Af one deals with the average physical quantities me- 
chanical power P^^=AWIAt, and heat flux Q’^^= AQ/Af. Mechanical power and heat 
flux also have instantaneous values: P=dW/dt and Q = dQ/df . 
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When an animal is resting, its metabolic energy production is at the minimum, 
Its engine idles. The metabolic rate of warm-blooded animals of different body 
masses M can be described by the unique function (1.5) approximated as 
r^~ 4 When an animal is active, its metabolic rate goes up to the value F= b 
For instance birds have an activity factor b = 10 to 15. The resting metabolic rate of 
a 70 kg person is approximately 80 W, the power consumed by of a light bulb. The 
mechanical power P = dW/df of an animal is only a fraction rj of its metabolic 
power r. The efficiency t] has typical values t] ~ 25%. 



2.1 .3 How Animals Do Work and Generate Mechanical Energy 

Animals need mechanical energy in order to do work. Work W is done when a 
force, described by the vector F generates a displacement s. The displacement is a 
vector. If 0 is the angle between the force and the displacement, the quantity 
s • cos 0 is the component of the displacement moved in the direction of the force. 
The work done is W= F • s=F ■ s ■ cos 0. When F, and s point in the same direction 
like a contracting muscle, the angle is 0 = 0 and cos 0 = 1. Hence a muscle of force 
F that contracts by the incremental length AL delivers the work 

W=FAL. (2.1) 

Example: How much work does a coyote produce when is drags a 15 kg dog carcass 

through As= 50 m of back lane? Work is generated if an object moves against a force 

F through some distance As. The coyote must overcome the friction force F=j^Mg = 

0.3 • 15 kg • 9.81 m/s^= 44.1 N. Here we have assumed a friction coefficient p=o.3. 

The work done by the coyote is W= 44.1 N • 50 m = 2.2 kj. 

The muscle force F depends on the muscle’s cross section area A^, and the spe- 
cific muscle stress /- 2 • lO^N/m^, which is about the same for muscle tissue of all 
animals. F does not depend on the length L of the muscle. Details about muscle 
contraction are discussed in Sect. 3.2. 

F = A^/N (2.2) 

A biceps of cross section Aj^=30cm^=3- lo'^m^ generates the force F^^=’}- 
io“ 4 m^- 2- io 5 N/m^ = 6ooN as it contracts isomerically. Muscles, like all tissue, 
consist mainly of water, and water is practically incompressible. Therefore the 
muscle volume V=A^L must remain constant so that the muscle cross-section 
area A^ increases as the muscle length L shrinks. One can see the biceps bulge 
when one lifts the hand. Muscles push laterally as they pull at the connecting ten- 
dons. 

The weight-force of an object F^=gM is the product of its mass M, and the 
gravitational acceleration g= 9.81 m/s^ of the earth. When we use our biceps to lift 
a weight the biceps might shorten its length by AL = 2 cm. With the force calcu- 
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lated above the muscle delivers the work W=F^^- AL= 600 N- 0.02 m = 12 J. The bi- 
ceps is attached close to the elbow. However, the hand is at a much larger distance 
from the elbow joint so that the hand sweeps through a large arc and raises the 
weight by the distance Ah, which is much larger than AL. The work of the muscle 
is converted without loss into the potential energy of all the masses that are 
lifted, namely weight, hand and lower arm. The change of the potential energy 
AEp^j of the weight equals the work W done, when lifting the weight AEp^^= W=F^ 
Ah = MgAh. If the work W is done in Af seconds the mechanical power P= W/At is 
delivered. 

Potential energy is encountered by animals when they climb trees. A cat of 
mass M=5kg climbing up a tree of height Ay = 12 m must apply the force 
E=Mg=5 • 9.81kg m/s^s = 4.9 N. The cat gains the potential energy = M g Ay = 

588 J. This potential energy is converted in to kinetic energy Ep^j=Ej^jj^= VzMu^ if 
the cat jumps down from its perch. Halfway down the cat has still V2 of the poten- 
tial energy, and some kinetic energy. Close to the bottom the cat has lost all the po- 
tential energy, and now has the velocity u=^/(2gA)d = 15.3 m/s. Kinetic energy de- 
pends on the velocity u of an object. 

It is instructive to measure your own mechanical power output while running up a 
flight of stairs. Consider this example: The flight of stairs up to my office has 23 steps, 
each 0.17 m high, yielding Ay=3.9i m. When I am in a hurry it takes me At= 6 s to 
quickly run up this flight of stairs. My body mass is M= 83 kg. Thus my leg muscles 
have produced the work AW=Ay • Mg= 3.91m- 83 kg- 9.81 m/s^=3.i8 • lO^J in 6 s, and 
they generated the power P= W/A t = 2.68 -io 3 J/ 6 s = 531 W. This power is considerably 
larger than my resting metabolic rate F^~ lOoW. 

If a dolphin of mass M=i5okg cruises at its top speed u = io m/s it has the ki- 
netic energy ■ 150 kg- (iom/s)^= 7.5 kj. This kinetic energy would be liber- 

ated if the dolphin crashed into the hull of a ship. A historic record of a similar en- 
counter is reported by Philbrink [2001]. A huge sperm whale (estimated at 
M~ 80000 kg) attacked the whaler ship Essex west of the Galapagos Islands in 
1820. It swam towards the ship at about u =9knots = 9 sm/h = 9 • (i852m/h)- 
(ih/36oos)=4.6m/s coming to a complete stop as it crashed into the hull. The 
impact, delivering the energy 0.5 • 8 • io'*4.6^= 846 kj, broke the hull and the 
ship sank within less than an hour. 



2.1.4 Internal Energy, and Heat 

Muscles heat up when they perform work. The temperature rises in the muscles. 
When the muscles are hotter than the blood, they can heat up the blood (by ther- 
mal conduction) thereby cooling the muscles down. The blood carries the heat 
away by convection, leading to a general temperature increase of the body subse- 
quently. Some of the heat subsequently may be removed by sweating. 

Warm-blooded animals try to maintain a constant temperature. The tempera- 
ture rises in a contracting muscle because not all of the chemical energy AH con- 
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sumed in the contraction turns into work W. The remainder appears as heat that 
increases the internal energy U, and may flow away to colder body parts or to the 
environment. Internal energy U is related to the molecular motion (translation, 
rotation, and vibration) of all the molecules of an object. This relationship holds 
for dead matter as well as living organisms. The molecules are never at rest. Each 
carries a kinetic energy that is proportional to kgT, where T is the molecule’s tem- 
perature T, and kg=i.38 • lO’^^J/K is Boltzmann’s constant. One finds the internal 
energy U of an object by adding up the energies of all its molecules. Since the en- 
ergy of each molecule is proportional to kgT the total internal energy can be writ- 
ten as 

U = const kgT . (2.3) 

Generally one is more interested in the change of the internal energy A 17 than 
in its absolute value. If a muscle of mass M suddenly converts some chemical en- 
ergy Aff in order to generate work W the muscle will simultaneously release a cer- 
tain amount of heat energy AQ. Unless the released heat is immediately carried 
away, it will increase the local temperature by 

AT=AQICM (2.4) 

where C is called the specific heat. Since the body consists mainly of water the spe- 
cific heat of tissue is approximately equal to that of water, namely C^=4.i8- 
10^ J/kg°. By using (2.4) one can determine the heat AQ by measuring the temper- 
ature rise. For instance if a muscle of M= 0.6 kg heats up by AT=2° it has released 
the heat AQ = CM AT= 4.18 • lo^J/kg- 0.6 kg • 2°= 5 k}. 

Heat Q always flows from hotter to colder objects. Quite generally, when one 
encounters heat flow only the hot and the cold objects need be considered. The 
thermo dynamicist calls the hot and the cold object a system. In such a system heat 
always flows from the hotter to the colder part. For instance, a system could con- 
sist of a sailor who falls overboard in a cold ocean. His body loses heat to the wa- 
ter, and he dies quickly of hypothermia, unless he is pulled out within a short 
time. Another thermodynamic system with heat flow is a Thanksgiving turkey in 
the oven. Here the heat flows from the heating elements to the meat. The flow of 
heat occurs in three different ways, by conduction, convection and radiation, see 
Table 2.2. More details will be discussed in Sect. 2.3. 

Most often the direction of heat flow is intuitively clear: from the hot to the 
cold. Hot objects share their energy with cold things, like eternal justice in a wel- 
fare state. Occasionally it is not obvious in which direction the heat is flowing. One 
then uses a more general statement describing the same fact. Heat will flow in a di- 
rection so that the total scaled heat exchange Z = ZAQj/ (kgT^) is positive. 

To quantify this statement consider a system with a hot and a cold object in contact. 

The heat gained by the cold object is +AQ^, and the heat lost by the hot object is 

-AQg. Since energy is conserved one part loses what the other gains or AQ^-I- AQg= o. 

The heat changes may be compared to the internal energies 17g= const kgTg, and 
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U^= const kg of the hot and the cold bodies defining the scaled heat exchanges 
A 2 j^=-AQg/(kgT), and AZ = -AQJ(k^T^). These quantities might be compared to 
the relative value changes of two bank accounts when a sum of money has been 
transferred from one to the other. Since the internal energy of the hot object is 
larger than the internal energy of the cold object Lt.,but the exchanged energy is the 
same, the scaled loss of the hot object is always smaller than the scaled gain of the 
cold object. Therefore the sum of the percentage changes Z=AZ^^+AZ^= 
SAQj/lkgT^) is always larger than zero. The flow of heat reduces the differences be- 
tween hot and cold part of a system, and increases S AZ The quantity AZ = AS/kg is 
proportional to the entropy AS, and the relation Akg AZ = SAS> O is the second law 
of thermodynamics, which states that the total entropy of a system always increases. 

Energy can not be destroyed; however, energy can be exchanged , and can ap- 
pear in many different disguises. Internal energy, heat, and work are all forms of 
energy, which are linked by the principles of thermodynamics, see Table 2.2. 



Table 2.2. Parameters and relations of thermodynamics. The symbol A is used to empha- 
sise which quantities undergo a change 





thermodynamics 


mechanics 


parameter temperature T [K, °C, °F, °R] 


mass M [kg] 




volume y [m-^] 


length L [m] 




density p [kg/mt] 


time t [s] 




pressure p [N/m^=Pa] 


velocity u [m/s] 




energy 1 Joule [J =1 N - m] 


acceleration a [m/s^] 

force F=M- fl[N;iN=ikg- m/s^] 


energy 


heat & internal 


work AW= force • distance [J=Nm] 




AQ J, real = 4.18 J 


gravityf=M- g [g= 9.81 m/s^. Ay = height] 




AQ=CM( 2 J- 2 j’j^) [caloric equation] potential energy E =M g Ay 




AQ = LjAM [melting] 


kinetic energy V2M 




i =L^AM [vaporization] 


elastic energy V2 k AL^ 




AU=C^n AT [internal energy] 


k = spring constant, AL= change of length 




n = number of moles 
Cy specific heat /mole 


typical chemical energy h= 30 kj/g 


1. law 


AQ=AU+AW 


P=work/time = F(AL/Af)=F • u =p • V, 


power 


heat flow Q’=AQ/At 


unitW=J/s 


units W 


conduction Q’^^y=kA{T^^-T^)!L 


if work W arises from pressure p=P/A 




convection 


/=mass flow rate in pipe of radius R 




radiation P ,= Q’^=A £ 0 T'* 
O = 5 . 67 -i 0 “ 8 W/m^K 4 , 

£ = emissivity 


J=pnR^u 




heating, cooling Q=CM{dTldt) 


efficiency rj = AW 7 AQ 


intensity 


heat: heat flow/area 


power flow/ area 


equation 


py=«RgT 


Rg= 8.31 J/mole K gas constant 


of state 




kg=i.38-io“^3j/K Boltzmann’s const. 
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2.2 The Conservation of Energy 

Animals encounter energy in various forms: as chemical energy, as radiation, as 
heat, as internal energy, as kinetic energy, as gravitational potential energy, and as 
elastic potential energy. Since energy cannot be destroyed, one can describe quan- 
titatively some motions and activities of animals using the law of conservation of 
energy. 

Animals need mechanical energy to walk around, to pump blood, and to expel 
air for making sounds, and for many other activities. Only a certain fraction of the 
chemical energy can be converted into mechanical energy. The key word here is 
efficiency rj. 

Homeotherm animals must promote heat flow to cool their muscles when they 
are moving. They must insulate their body so that excessive heat can not enter 
when it is hot outside, and can not leave the body in a cold environment. Internal 
energy, heat, and work are connected by the conservation of energy. Conservation 



So toricht ist der Mensch. . . Er stutzt 
Schaut damlich drein und ist verdutzt, 
Anstatt sich erstmal solche Sachen 
In allerRuhe klarzumachen. 
Hier strotzt die Backe voller Saft: 
Da hdngt die Hand gefullt mit Kraft. 
Die Kraft, infolge der Erregung, 
Verwandelt sich in Schwungbewegung. 
Bewegung, die in schnellem Blitze 
Zur Backe eilt, wird hier zu Hitze. 
Die Hitze aber durch Entzundung 
Der Nerven, brennt als Schmerzempfindung 
Bis in den tiefsten Seelenkern, 
Und dies Gefuhl hat keiner gern. 
Ohrfeige heifit man diese Handlung. 
Der Forscher nennt es Kraftverwandlung. 

Wilhelm Busch 



How stupid can this person get? 

Looks puzzled, and is all upset 
Instead of seeing clear and plain 
The energy conversion chain. 

Here glows the cheek, the beauty’s source. 
There rests the hand, teaming with force. 
The force, when freed by animation. 
Provides the quick acceleration. 

This moves the hand with rapid speed. 
The cheek receives the impact heat. 

The heat excites the nerve again 
Which then is recognized as pain. 

The pain sinks deep into the soul. 

This is resented by us all. 

Slap on the face is the assertion. 

In Physics terms just Joule’s conversion. 

(translated by the author) 




Fig. 2.3. Conversion of energy as described in Balduin Bahlam by Wilhelm Busch [1883] 
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of energy rules the metabolic processes, and the muscle activities of animals. The 
fundamental law of conservation of energy was recognized at about the same time 
by two very different individuals: an engineer, Joule, and a medical doctor, Mayer. 
This illustrates that some physical laws can appear under very different circum- 
stances. Joule saw the connection between heat and work as he was drilling the 
holes into gun barrels, and Mayer recognized the conservation of energy as he ob- 
served that venous blood of sailors in the tropics looked as red as the arterial 
blood: The oxygen had not been used up. The fundamental relation between heat, 
work, and internal energy, discovered by Joule, and Mayer around 1840, is known 
as the first law of thermodynamics. 



2.2.1 The First Law of Thermodynamics 

Any system, biological organism, or technical engine, converts a given amount AQ 
of chemical energy or heat into work W and into some addition AU to the internal 
energy U. Internal energy is related to the kinetic energy of the molecules of the 
material. A change of the internal energy shows up as a variation of the tempera- 
ture. The first law of thermodynamics states that a given (chemical) energy AQ 
must show up either as a change of the internal energy A 17 or as mechanical ener- 
gy in its various forms, summarily called work W: 

AQ=AU+W. (2.5) 

Since AI7 is always larger than 0, the energy fraction rj = WIAQ, called efficien- 
cy, is always smaller than 1. Typically animals have an overall mechanical efficien- 
cy of 25%. Then with a given heat energy AQ they can produce the work 



W = rjAQ. (2.6) 

The three quantities AQ, A17, and W are all forms of energy. Energy is measured 
with the units calorie, or Joule, (1 cal = 4.18 J). A convenient practical measure is 
the chemical energy released by the burning of one matchstick: AQ = 1 kj. 

Mechanical energy can be fully converted into internal energy, but the reverse 
is not true. The first law of thermodynamics has one important message: it is im- 
possible to convert all the heat energy into work. Some energy without fail ap- 
pears as change of the internal energy, which can increase the temperature of the 
body. The change presents a problem but it also provides an opportunity, which 
animals have made use of; because warm-blooded animals use the increase in 
their internal energy to raise their body temperature. 

The flow of (thermal) energy per unit time is called heat flux Q’= dQ/df. Heat 
flux per unit area is called intensity. By taking the time derivative of (2.5) one ob- 
tains a rate equation with the units J/s = W. The time derivative of the internal en- 
ergy U is written as dI7/df =:U’, and the time derivative of work dWdf is called 
mechanical power 
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(2.7) 



The mechanical power is related to Q’ by the efficiency rj. 



Pmech=nQ’ 



(2.8) 



When the flow of energy Q’ is identified with the metabolic rate r=b- 
the first law of thermodynamics in the form (2.8) describes the production rate of 
mechanical power. 



Equation (2.9) can be used to derive the performance of animals of all sizes. 

Example: A dog of M= 15 kg with an efficiency of T] = 25% and a metabolic activity 

factor i> = 5 generates the mechanical power -Pmech= °-25 • 4 • 15°-^’ = 34 W. 

2.2.2 Energy Analysis 

The conservation of energy is a fundamental law that can be applied in different 
circumstances. We will practice its use in many examples, often in combination 
with Newton’s second law, the conservation of momentum. In some situations one 
can neglect the internal energy, and the heat, and only deal with mechanical ener- 
gy in its various forms: kinetic energy of straight motion VzMu^, rotational kinet- 
ic energy yilco^, potential energy Mg Ay, elastic energy, V2 kAL^, and friction en- 
ergy Efj. As. The sum of these energies remains constant. Since the total amount of 
energy cannot change one can write the conservation of mechanical energy as an 
equation linking different states before and after some event. 

Think for instance of a cat, jumping down the distance Ay from a tree. We look 
at the event in snapshots, called states. The first state is the cat, of mass M, on the 
tree with a potential energy Mg Ay. The second state could be the instant just 
before the cat reaches the ground. At this point the cat has lost the potential ener- 
gy and gained the kinetic energy Ej^= V2Muh Since these energies are equal one 
can write MgAy = ViMu^ and solve this equation to find the speed of the cat just 
before impact u=V(2gAy). In general one can write the conservation of energy for 
a system at two different positions labeled with the subscripts 1 and 2, 



where: • u^+ o.^Icx)^, E^^=MgAy, E^j=o.5 -k AL^, and Efj.= Efj.-As is 

the friction energy lost while moving through the distance As. 

This energy analysis can be applied in a biological example described by Tennekes 
[1997]. The wagtail, a small bird of average body mass M= 0.02 kg (of which 0.005 kg 
is body fat) crosses the Sahara desert (As = 1 600 km) on its yearly migration, by fly- 
ing non stop for 2.5 days. Before the flight the bird “gases up” by putting on extra 






(2.9) 



(-®kin+ -^pot+ (-^kin+ -^pot+ -^61)2 ^fr 



(2.10) 
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weight, namely lOg of body fat, so that its “gas tank” contains 15 g with an energy con- 
tent of h = 32 kj/g. We assume that the bird has a mechanical efficiency of 77 = 25%, 
and that it must overcome an air resistance of 0.06N equivalent to an energy expen- 
diture of 0.06 Joule/m. Energy analysis allows to answer the following questions: 

(i) What is the average speed of the bird? 

Answer: « = As/At = 1.6 • ro*m/(2.5 • 24 • 3600 s) = 7.4 m/s. 

(ii) What is the total mechanical energy W that the bird must generate when trav- 
eling the distance 1600 km? 

Answer Mechanical work AW=f • As = 0.06 N • 1 600 000 m = 9.6 • lO^ J. 

(hi) In order to generate this mechanical work how much “fuel” energy does the 
bird have to use up? 

Answer: First find the expended fuel energy H=AMh = AQ = A W/q = 9.6 ■ ro'* J/ 

0.25 = 3.84 • io 5 J, where AM is the consumed mass of the fuel and h the specific 
energy content per gram. Then we find the used up fuel mass 
AM=A/2/H=3.84 • 70^/32 kJ/g = i2g of fat. This leaves a reserve of 75 g-i2g = 

3 g of fat, not very much indeed. The mileage is quite impressive, namely 
1.6 • 10* m/12 g = 133.3 km/g. 

The reserve of 3 grams would allow the bird to fly an extra As = 3 • 133.3 = 400 km. 
There is not much margin for error if the bird does not forecast correctly the winds 
over the Sahara desert. The bird needs the mechanical power to get where it wants to 
go. High energy efficiency is at a premium when a large distance has to be covered. 

In all their actions organisms have to pay in energy for the tasks they need to 
accomplish. It is instructive to see how energy flows from primary sources to the 
accomplishment of a certain task. 



2.2.3 Compound Efficiency of the Energy Conversion Chain 

There is a long chain of events from an original source of energy to its final use. 
Mechanical energy is produced in muscles as well as in automobile engines. How- 
ever, both the muscle tissue and the combustion engine are only one part of the 
energy conversion chain. Mechanical force is generated in muscle fibers or in en- 
gine pistons. However, pistons and muscle fibers are not generally the locations 
where the force is needed, nor is the chemical energy in gasoline or muscle cells 
the original source of energy. One can therefore either look at the compound effi- 
ciency of the system like a car or a cat, or take the broader view and trace the en- 
ergy back to its original source. This is done now for biological and technical sys- 
tems. 

First consider a system’s efficiency T], namely the fraction £ = r/ Q of a given en- 
ergy Q that is available for the intended purpose E. In order to lift an object with 
your hand the biceps force must be transmitted to the hand. The hand is directed 
by the brain, which must be supplied with oxygen and nutrients. The heart must 
be operating to supply the arm with blood and all the machinery of the body must 
be functioning, so that the hand will lift the weight. Similar conditions prevail in 
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technical system 



end use: work, light, heating, cooiing, 
communinction, entertainment 




graze, 

hunt 



iocomotion 
to nest 



chew, 

digest 



blood 



internal 

organs 



muscles, senses 
build body 
controll system 



Fig. 2.4. Conversion of fuel in the ground into useful work 



an automobile. Much of the mechanical energy goes into auxiliary devices. Con- 
sider a technical device: A well-tuned engine automobile engine running at city 
traffic speeds may have an efficiency of 36%. One half of this (18%) may be lost in 
the transmission, and one quarter (9%) for braking and accessories. Thus only 9% 
of the energy burned in the engine is left to actually push the car forward. Simi- 
larly, animals also have energy overheads associated with the operation of the in- 
testines, the heart, the brain, and other indispensable organs. Therefore higher an- 
imals must survive with efficiencies well below 50%. 

Efficiencies in the range of 25% still look fairly respectable. The picture 
changes when one compares the recovered work with the amount of energy taken 
out of the environment. Fig. 2.4. Energy is extracted with considerable cost in en- 
ergy, and converted in several stages before it reaches its end use. This holds for 
animals as well as for technical devices. For example in the case of a car engine one 
can distinguish six stages from source to final application: 1) extraction from the 
ground, 2) transfer to the heat engine, 3) combustion, 4) conversion from heat to 
work, 5) intermediate transfer and storage of work, 6) end use at the wheels. 

Each stage has its efficiency r/j defined as r/j= energy recovered/ (energy in -l-en- 
ergy cost of process). Each stage has an energy loss factor i-t/j, and some stages 
have waste products. Similarly every activity and body function of an organism, 
such as food gathering, eating, idling, thinking, growth and replacement of body 
cells, has an associated energy cost that finds its way into the metabolic rate /= ba 
M®. Some stages have waste products. Note the similarities: grazing or hunting is 
energy extraction, and chewing is refining. Digestion is combustion. Blood is the 
vehicle of fuel transport: possibly first to an intermediate storage deposit in a fat- 
ty tissue. Ultimately the fuel is transported to muscle tissue for mechanical power 
generation with an efficiency of not more than 50%. Only a very small fraction of 
the energy taken from the environment actually goes into the wanted mechanical 
activity, because the losses at each stage are compounded. 

The conversion inefficiencies and generation of waste products are easily un- 
derstood with reference to mechanical devices. A measure for the fraction of en- 
ergy reaching the end stage is the compound efficiency 
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namely the product of all the partial efficiencies rjj of each step, defined as Tjj = en- 
ergy recovered / (energy in -I- energy cost of process). 

The conversion efficiency is a useful concept to recognize the great difference 
between technical devices and biological systems. The utility companies optimize 
the production of their end product: electricity, from which work, light, and heat 
can be derived conveniently. Technical processes contain many wasteful steps. For 
instance, the radiation energy from an electrical light bulb energized by a motor 
generator represents only a small fraction (say a few percent) of the chemical en- 
ergy released from the gasoline that is driving the motor generator. Byproducts 
like CO^, ashes and waste heat are discarded. 

In contrast very little energy is wasted in the biosphere, because each organism 
is imbedded into its biological surrounding. The inefficient harvesting of one an- 
imal allows for food for other animals. The organism itself reuses much of the 
waste heat of its muscles, and most waste products of one organism become sus- 
tenance or building materials for the rest of the biosphere. Table 2.3 shows an at- 
tempt to identify some of the biological processes that make the biosphere energy 
chain so much more effective than the technical energy chain. 



Table 2.3. Energy efficiency chain for engines and animals 
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In Darwin’s words “in the struggle for existence... the merest trifle (of difference) 
would give the victory to one organic being over another... but probably in no one 
case could we precisely say why one species has been victorious over another”. We 
begin to lift a bit of this veil of mystery when we notice that animals save substan- 
tial amounts of energy by operating their life processes at optimum rates. 

It turns out that most periodic processes have a natural frequency/ or period 
T= ilf. An arm swings like a pendulum at the frequency /= const/ (g/L), where L is 
its length, and the constant depends on the mass distribution. The arm can be 
made to swing faster or slower, however the power required to keep it going is at a 
minimum when the driving force is applied at the frequency/ This is called reso- 
nance. Driving periodic processes at their resonance saves power. Animals use res- 
onance whenever they can. See also Sects. 3.2.4, 5.1.7, and 6.1. 

The flow of heat is an energy transfer process which can also be optimized. Op- 
timum heat transfer processes are studied in the new field of finite time thermo- 
dynamics [see Bejan 1997] in which technological as well as biological questions 
are discussed. One must distinguish the energy efficiency t]^, the ratio of work out 
and heat in, and the power efficiency rj^, the ratio of mechanical power and heat 
production. These quantities are defined as 

ri^=W/AQ (2.12) 

and 

f?p= -Pmech ! Q- ( WAf)/(AQ/Af) . (2.13) 

Generally the energy efficiency t]^ approaches a maximum if the process ad- 
vances infinitely slowly. However, a slow event implies a long process duration Af. 
Therefore the power W/Af must approach zero as the energy efficiency 

reaches its maximum. In contrast, the power efficiency peaks at certain process 
conditionsh where the energy efficiency is not a maximum. Power- and energy ef- 
ficiencies differ because process energy is required to cause energy to flow, see 
Fig. 2.5, and the process energy is unavailable for conversion into work. 

In all their actions animals try to optimize their efficiencies, in order to im- 
prove their survival chances. Optimum rates can be found in muscle contraction, 
see Sect. 3.2.4, in fluid flow, for instance in breathing, (Sect. 4.3.8) and in swim- 
ming (Sect. 5.5.4). In fact one could speculate that most evolutionary changes are 
just a better use of the available energy resources, and that successful species have 
managed to find optimum rates for their important life processes. When nothing 
can be gained, like in the Arctic winter, herbivores lapse into hibernation, ap- 



^ For instance the Carnot efficiency of a heat engine operating between two temperatures 
and has the maximum value >]cai~ ^ ~ ?old^^of contrast the efficiency maxi- 
mum power efficiency of a Carnot engine has the slightly smaller value ? 7 n,axpower~ 
Curzon and Ahlborn 1975] 
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Fig. 2.5. Energy Efficiency l]^, and power efficiency as function of frequency /. In all 
cyclic processes there is an optimum frequency /j^p at which the power efficiency has a 
maximum. For muscle efficiency see also Fig. 3.8 



proaching the energy efficiency optimum of very slow processes. On the other 
hand when danger looms, fish can dart off in “overdrive” using their white mus- 
cles in fantastic power bursts at great expenditure of energy. 

In contrast technical devices are generally designed to maximize the profit. 
This could imply to minimize the cost of production, running expenses, and to 
maximize the durability at great costs to the environment. Energy efficiency only 
plays a minor role - as long as energy is cheap. 



2.3 Thermal Problems of Warm Blooded Animals 

The first challenge facing an animal is to extract energy out of the environment - 
the second challenge is to obtain the best working temperature for its body. Bio- 
logical processes proceed faster at elevated temperatures. Speed can become an 
asset for the hunters as well as for the hunted. For the biochemistry of tissue 
T= 37 °C is an ideal operating temperature. Hence warm-blooded animals evolved, 
who maintain the ideal temperature regardless of night and day, summer and win- 
ter, in the Tropics or in Arctic latitudes. In order to reach and maintain the opti- 
mum body temperature the thermocritter must use all the tools of heat transfer 
and heat management. The critter must therefore master conduction, convection, 
and radiation, and utilize the principles of phase changes. 



2.3.1 Temperature Control and Heat Fluxes 

The First Faw of Thermodynamics presents an opportunity for internal tempera- 
ture control, because the generation of mechanical work implies the generation of 
internal energy A 17, appearing as heat, which is an asset in a cold environment. 

In technical applications A 17 is an unwanted by-product of power generation. 
In contrast, animals have taken advantage of the situation: warm blooded animals 
use some of the waste heat to maintain their body temperature. This is an exam- 
ple of life’s opportunism, wherein natural logic has turned a handicap into an ad- 
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vantage. A constant temperature can only be maintained if the animals have effec- 
tive temperature controls. The heat must be kept in the body by good insulation, if 
the outside is colder, whereas excess metabolic heat must be removed, if the out- 
side is warmer than the body temperature. Warm-blooded animals with effective 
insulation were able to extend the living space into the Polar- and Sub Arctic re- 
gions, which are not accessible to cold-blooded creatures. Note that not only 
mammals and birds are homeotherm but also some fish (for instance tuna) have 
warm-blooded body parts. 

An object hotter than its surrounding will loose heat until all parts of the sys- 
tem have the same temperature. The time for this thermal equilibrium to be es- 
tablished can be very different. It may happen in a fraction of a second (a moth in 
the campfire), minutes (milk in coffee), or it can take a month (spring breakup of 
the ice in the Arctic). Thermal equilibrium comes about because heat always flows 
from the hotter to the colder region. 

There are three mechanisms by which heat can flow or temperature can be con- 
trolled: conduction, convection, and radiation. In addition the temperature can 
also be controlled by phase changes. Relations for these processes are given in 
Table 2.4. Often these processes occur at the same time. Conduction is the most 
obvious heat flow mechanism. Conduction moves heat between objects that are in 
contact with each other. Heat losses or excessive heat gains can be counteracted by 
insulation. Convection requires a moving medium, fluid, or gas that can absorb 
heat and carry it to another place. Radiation moves energy through air or empty 
space without contact. These three processes are always present. However, animals 
have a certain influence on the physical conditions or the material constants of 
heat flow processes. For instance a little bird may ruffle its feathers in order to in- 
creases the thickness of its insulation thereby reducing thermal conduction. Dol- 
phins, and tuna may shunt off or increase some of the blood flow to their extrem- 
ities, thereby manipulating their convective heat losses. Insects may move into the 
sunlight in order to warm up in the morning. 

As soon as animals had invented the principle of maintaining constant elevat- 
ed body temperature - homeothermicity - efficient insulation became a highly 
prized commodity. Insulation allowed animals to inhabit colder climates on the 
earth. Organisms found insulation solutions for this problem twice and at differ- 
ent locations in the tree of life: fur and feathers. Both arrangements represent a 
way to trap air, and use the air as insulating material. Methods of using the best 
possible insulation likely doubled the living space for warm-blooded animals on 
earth. 

Table 2.4. The time derivative ot the first law Q' = U' = P links different parameters ot living 
organisms 



energy in Q’ heating effects U’= dU/dt mechanical power 



metabolic rate F conduction 
convection 
radiation 



start, stop 

steady locomotion, internal power 
(heart, breathing bowl movements) 
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2.3.2 Heat Losses by Conduction 



Each section of surface area of an object that is warmer than its surrounding los- 
es heat by conduction and radiation. Conduction works only between bodies in 
contact, for example between an object and the air surrounding it. Conduction al- 
ways moves heat from the warm body to the colder body. 

Consider a very simple system: a rod of length L that is in contact on one end 
with a cold object of temperature 7 ^, and on the other end with a hot object of tem- 
perature Tjj. The conductive heat flux Q’ though the rod is then found to be 



r _r r _r 

Q’ = Ak^ ^ = ^ 

L L/k 



(2.14) 



where K"is the thermal conductivity, and A is the contact area. Insulators have very 
small values for K"and good conductors have large K"- values, see Table 2.5. Air is the 
best thermal insulator. Objects in contact with cold surfaces loose heat quickly. 



Table 2.5. Thermal conductivity JC, and specific heat C for various materials 



material 


water 


ice 


wood® 
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air 
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b 



“ this is a typical number for wood. Balsa wood has a smaller value, green lumber a larger value. 
Specific heat per mol for air at constant volume C^= (5/2)Rg, where R^= 8.3r J/mol K, and specific 
heat per mol of air at constant pressure C^= {7/2)R^ . 



Consider standing barefoot on ice. Fig. 2.6. How much heat does the foot loose in 
15 min? Take a thermal conductivity somewhere between muscle and body fat 
)C = o.3W/m°. Use Celsius or Kelvin degrees, not Fahrenheit degrees in (2.14). As- 
sume a contact area A slightly smaller than the foot outline area 0.1 • 0.3 m^, say 
A = 0.02 m^. Let the thickness of the skin be L = 5 mm = 0.005 m. The lost heat flux is 
Q — A /f( 7 Jj-T^)/L = o.02 m^- o.3W/m°- (34°- o°)/o.oo3 m = 68 W. In At= 15 min = 
900 s this energy amounts to a loss of AQ= Q’At = 68 W- 900 s = 61.2 kj, equivalent to 
the burning of about 61 matches. 




Fig. 2.6. Foot on the ice 
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Aquatic animals mainly use blubber as insulation. A typical value for blubber is 
0.1 W/m°. Air has the smallest value of the thermal conductivity of any mate- 
rial: 0.026 W/mK. The air must be still to act as an insulator. If the air is mov- 

ing it can carry heat by convection, a phenomenon sometimes described as chill 
factor. 

Equation (2.14) holds for rods as well as for any thin slab of material and for 
sections that have only slight curvatures. For stronger curved surfaces the radius 
of curvature comes into play, because a volume element on the inside has more ac- 
cess to surface area when the radius is small. 



Table 2.6. Heat fluxes from cylindrical and spherical objects 



cylindrical body spherical body 



Q' = 2 KL 



kAT 

ln{i + AR/Rf 



(2.15) 



jc- AT 

Q’ = 4TiiR+AR) (2.16) 

‘ AR/R^ 



Equations (2.15) and (2.16) are obtained by considering that the entire heat flux 
Q’ at one section of the “skin” must pass through every layer dr of insulation, 
across which the temperature changes by dT. The flux is: Q = A KdT/dr. For a cylin- 
drical body section of length Az, and surface area A = inrAz one has dT= 
(Q’/iC2nrAz)dr. The infinitesimal temperature difference dT is integrated from 
the inside where r=R^ and T= Tj^ to the outside where r = R^+AR and T= name- 
ly T^-T^=AT=-Q’/{K2nAz)‘\n{R^+AR/R^). Solving for Q’=-2nKAzATI ln(i 4 - 
AR/kj), and integrating in the z-direction over the length L of the cylinder yields 
(2.15). Equation (2.16) is found using a similar method. Note that in the limit 
AR/Rj«l the logarithm can be expanded as ln{l+AR/R^)~ AR/R^ so that the 
heat flux from a cylindrical body can be approximated as the flux from a flat body 
of surface area A=2nR-L. The cylindrical geometry can be used when modeling 
the heat loss from a limb: 

How much heat does little Joe lose when he puts his hand and forearm for 2 minutes 
into a pond of cold water? Suppose Joe has clenched his fist so that his arm can be ap- 
proximated as a cylinder of L = 30 cm length and d = iR = 6 cm average diameter. As- 
sume the arm has a 3 mm thick layer of body fat insulation, [k= 0.2 W/m°) and the 
water is a chilly 4°C. Hence AT= 37-4 = 33°,! = 0.3 m,AR = 0.003 m, Rj= 0.027 m, and 
Q — AQ/120S. Then Q — 27 tL (fAT/ln(n-AR/Rj) = 271 0.30m • o.2W/m°- 33°/ ln(n- 
0.003 m/0.027 m) = 118 W = AQ/120 s. This heat flux can be expressed as the loss of 
heat AQ in 2 min = 120 s, so that AQ = 118 W ■ 120 s = 14.16 kj, or the chemical energy 
content equivalent to burning 14 match-sticks. 
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Fig. 2.7. Thermal conduction, plane-, cylindrical and spherical geometry 



When the heat flows through two layers of width and L^, and thermal con- 
ductivities and K^, as illustrated in Fig. 2.7b, one does not know initially the 
temperature T at the interface. However, one can apply Eq. (2.14) to each of the 
layer. Since the same heat Q’ must flow through both of the layers one has the 
equality 



Q’ = Ak^ 



Tu-T 



- = A-k, 



T-T 



(2.17) 



which only contains the unknown temperature T. With the abbreviation B=k^ 
LJk^L^ one finds the intermediate temperature T={BT^^+ TJ/{B+l). Then T can 
be inserted on the left side of Eq. (2.17) to determine the unknown heat flow. 
Q’=Ak^{T^-T)/L^. 

A simple example illustrates the use of Eq. (2.17): Is it safe to touch a 120°C stove 
plate with an insulating glove of L= 2 mm thickness? Assume the insulating glove 
has K^= 0.04, and the insulating tissue under the skin has a thickness of L^= 1.5 mm 
and a thermal conductivity of K^= 0.2. Let the body temperature under the skin be 
34°C. With these values B= k^lJk^L^=o.04 ■ 1.5/0. 2 • 2 = 0.15; and the intermediate 
temperature where the glove touches the skin is T=(BT^^+ T^)/{B+i) = 
(0.15 • 120 4 - 32)/i.i5 = 43.5°. This temperature is quite tolerable for a short time. 



In general each part of an object may be insulated by different layers of mate- 
rial. Skin and hair, covering various parts of the body. Fig. 2.8, lose heat at differ- 
ent rates. Heat leaving the body flows first through the fatty tissue, than through 
the skin and then through the wet suit. How does one account for heat flow 
through various layers of insulation? The total heat flux is made up of the compo- 
nents 



q=q;+q;+q;+q;+-., ( 2 . 18 ) 

which must first be calculated separately, because the low temperature may be 
different at each site if the body makes contact with objects of different tempera- 
ture. We may neglect the metabolic gain F and consider only the heat losses i) 
from the head, 2) from the dressed body, 3) and 4) from the hands, 5) and 6) from 
the feet. To simplify the calculations one can treat the thermal flux Q’ like the flow 
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Fig. 2.8. Sum of heat fluxes. Neglect the metabolic gain F and consider only the heat losses 
i) from the head, 2) from the dressed body, 3) and 4) from the hands, and 5) and 6) from the 
feet 

of an electrical current j which is driven by a voltage differences V across an elec- 
trical resistance R. If one defines the thermal resistance R^^LIkA, the conduction 
equation becomes Q’= ATIR^^. This looks exactly like Ohms law; =V/k, Eq. (10.6), 
Sect. 10.1.3. Therefore everything one knows about networks of electrical resist- 
ances in parallel and series can be applied to networks of thermal resistances in 
parallel and series.^ 



2.3.3 Surface Heat Transfer 

Any surface of area A and temperature that is exposed to open air with an out- 
side temperature 7 ^ will exchange heat. A thermal boundary layer is quickly estab- 
lished in which the temperature changes from 7 ^ to 7 ^. Since the thickness AL of 
this thermal boundary layer it is not really known, one determines the heat flow 
with the help of a surface heat transfer coefficient using the equation 

Q’= A AT, where AT={T- T^) . (2.19) 

The heat transfer coefficient for a vertical surface like the wall of a house is h = 
i. 8 Ar/ 4 W/(° m^).If there is a chilly wind will be much larger. This is forced con- 
vection. Values for are shown in Table 2.7. 



^ The similarity between heat fluxes and electrical currents can be further extended to 
mass flow in pipes, and diffusion processes. Each flow has a force or potential that drives 
it. Each has a resistance that incurs a loss of potential, which is the price for maintaining 
the flow in the first place. Associated is a power expenditure (entropy production), rep- 
resenting the “energy cost per unit time” associated with the flow. 
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Table 2.7. Surface heat transfer coefficients adopted from eported by White [1984] 





free convection 


forced convection (windchill) 


gases 


h=s~ 2 ^ W/{°m^) 


h^= 10-300 W/(°m^) 


oils 


0 

1 

0 


50-2000 


light liquids (water) 


100-1000 


100-20,000 



2.3.4 Convection 

Convection is the heat flow associated with mass fluxes J kg/s. Think of a flow- 
through heater. A stream of water with the specific heat C (units J/°kg) enters at 
the flow rate J and the temperature T^. Heat is then added at a steady rate Q’ and 
the water leaves at the temperature Tj^. The heat flux required to produce this tem- 
perature change is 

Q’=CJ{\-TJ. (2.20) 

Consider the foot on the ice, Fig. 2.9, in the example discussed above. The foot suffers 
a power loss of about 18 W. If this heat is not constantly replaced the foot will cool 
quickly. If the foot receives the same amount of thermal energy it can stay at the same 
temperature. The blood system of the body moves heat around by convection. How 
much blood must flow into the foot in order to maintain it at about 34°C? 

Assume « 1 cal/g° = 4.i8J/g°. AT=36°-32° = 4°, Q’=68 W. The required mass 
flow rate for the blood is now determined from J=Q’I{{T^— T^)C} = 18 J/s/{(36°-32°) • 
4.r8 J/g°} = 4.08 g/s. Can this blood flow be supplied? Assume that the artery going 
into the foot has a diameter of 2R = ^mm. The artery’s area is therefore A = nR^ = 
71(0.15 cm)^ = 0.0707 cm^. The mass flow rate / of a fluid of density p and average ve- 
locity u though a pipe of cross section area A is J= p u A. Assuming a typical blood 
density of 1 g/cm} (or 1 000 kg/mt), one can find the average velocity in the artery as 
u = JlpA = (4.08 g/s)/{i g/cmt • 0.126 cm^} = 32.3 cm/s. This value is a typical flow ve- 
locity in arteries, see Fig 4.14. 

Convective heat transfer by the blood system is used by most higher animals to 
maintain their body temperature at the best operating level. The blood flow can be 
used for heating and cooling. If a leg gets too cold additional blood can warm the 
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limb. However, if the whole body would lose too much heat altogether the blood 
flow into the exposed limb may be reduced. When the body overheats blood can 
move heat into the tissue under the skin in order to cool the body. In an environ- 
ment of arbitrary external temperature warm-blooded animals must have an effi- 
cient internal heat transfer system as well, which distributes the temperature 
evenly throughout the body or heats or cools organ parts on demand. This tem- 
perature control is one of the functions of the blood system, which will be de- 
scribed in Chap. 4. 



2.3.5 How to Live with Permanently Cold Feet 

A heat exchanger transfers heat from one stream ]^, into another stream of flu- 
id, without mixing the two liquids. It combines the principles of conduction and 
convection. Two arrangements are possible: co- and counter stream heat exchang- 
ers as shown in Fig. 2.10. 

A co-stream heat exchanger acts like a mixing chamber. The hot and the cold 
stream flow parallel to each other. The final temperature at the exit is approx- 

imately equal to the mixing temperature of the two streams. The final temperature 
is found from the energy balance 4 » 4Cb(^our \in)>'^'^ere and 

Cj, are the specific heats of the fluids. 

In a counter stream heat exchanger the temperature can be “exchanged” except 
for some difference AT that gets smaller the longer the two fluid streams are close 
to each other. 

Consider the effects of co- and counter flow heat exchangers: counter flow ex- 
changers normally have a lower rate of heat transfer, but they can exchange the 
temperature, whereas co- flow heat exchangers only allow to reach the mixing 
temperature, see for instance Schmidt Nielsen [1981]. 

Numerous animals live permanently in cold climates. For instance sea gulls, 
and penguins can perch on ice or stand in cold water, yet they are warm-blooded. 
Cold water is a very effective thermal contact material, and the birds would quick- 




Fig. 2.10. Co- and counter flow heat exchangers, and the toot a seabird 
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ly lose all their heat energy if the feet were supplied with warm blood. These birds 
developed a nearly 100% efficient heat exchanger system in their legs. It is based 
on counter-flow. The feet are cold because the arterial blood, which is pumped by 
the heart into the legs, warms up the venous blood, which returns from the feet. 
The heat transfer between veins and arteries is accomplished by thermal conduc- 
tion. For efficient heat transfer veins and arteries have to be in very close contact. 
Furthermore, the diameter of the blood vessels ought to be small, so that most of 
the blood flows near the vessel wall. This calls for many parallel vessels with the 
smallest possible vessel radius. Small vessels however have a large mechanical 
flow resistance, and the flow resistance increases the smaller the vessel gets. The 
tradeoff between saving body heat by good thermal resistance and requiring 
higher blood pressures to drive the blood through the capillaries probably has 
some optimum radius, that animals with permanently cold feet have found.^ 

An additional means to avoid heat losses is as shunt, namely a vessel with vari- 
able cross section connecting the outgoing and the incoming blood before the 
blood enters the extremity. The shunt acts as a switch to control the blood flow 
into the leg, and keeps the flow at the minimal rate required to supply the foot with 
oxygen and nutrients. 



2.3.6 Radiation 

Radiation is the “non-contact sport” of heat transfer. Radiation moves energy 
through free space. On Echnaton’s monuments the rays of the sun are depicted as 
the sun god Aton’s arms that touch the earth with warming hands. This is only one 
half of the story: the earth in turn sends radiation away, some reaching back to the 
sun. However, by the principle that hot things get colder much more radiation 
goes from the sun to the earth than from the earth to the sun. 

Concepts and parameters associated with radiation are the body temperature 
T, the intensity of the emitted radiation I, the emissivity s and the absorptivity 
which are both material constants for any surface. A body of temperature T and 
surface area A emits the radiation power Q’ given by Stefan’s law of black body ra- 
diation. 



Q’=AscT^ (2.21) 

In this relation T must be given in Kelvin, and A in m^. The natural constant 
a= 5.67 • io“* W/m^ R 4 is called Stefan’s constant. 



3 Such efficient heat exchangers must also play an important role in the body design of 
tuna, who are known to have warm muscles but cold gills. Since the gills are in very close 
thermal contact to the cold water the blood flowing through them and in the nearby 
heart, must be cold. However, the muscles generate much heat, and they can stay perma- 
nently warm if there are heat exchangers between the muscles and the heart. 
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Fig. 2.11. Emission and absorption of radiation Absorption of radiation 



As the radiation spreads out in space it carries the energy until the radiation is 
absorbed. The radiation energy passing through the unit area per second is called 
intensity I. It is measured in W I m^. 

I=Q’/A (2.22) 

When radiation spreads out into all directions, from a point source emitting 
the power P, the intensity decreases with the square of the distance r, according to 
the inverse square law 
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Radiation is emitted and absorbed. An object exposed to radiation of the intensi- 
ty I gains the power 

Q’abs=«r"^^> ( 2 . 24 ) 

where the material constant a^. is called the absorption coefficient. In many exper- 
iments the emissivity s and the absorptivity a^. of materials have been measured, 
and it has been observed that emissivity and absorptivity are exactly equal and 
fall into the range 

0 < ttj.= £ < 1 . (2.25) 

An object which looks black has ttj.= £ = 1. The object absorbs all the light that 
strikes it. An object that looks silvery, shiny or white has as small emissivity, for in- 
stance aj.= £= 0.1. A body may simultaneously gain energy 
sorption of radiation and lose energy A £ a by emission of radiation. The 

net radiation gain is then 



Q’=Q’abs-Q;m- 



(2.26) 
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34'C = 307 K radiation 

li Ir V. 






O’C = 273 K radiation 



Fig. 2.12. Radiation heat loss 



How does radiation contribute to the heat loss from a body part, for instance a 
foot? If the foot is lifted off the ice it will lose heat by radiation. We assume that the 
gap between the foot and the ice is very small, so that the emission and the ab- 
sorption areas are equal. The foot emits A 7^ = A a p The ice emits the 

power ^=AI^=+Aa e^Td, of which the foot gains the fraction ^=A 
of the black body radiation from the ice. The radiation exchange results in a net 
power loss for the foot: Q’=+afAas^T^-AaSfT^. Since £j= the net loss becomes 
Q’=+afAc{eJ^-Tf^). 

The heat loss from the foot is calculated for the example shown in Fig. 2.12. Taking 
A = 0.02 mh AT=34°, and guessing = 0.3; £j=o.i, one finds Q — 0.3 • 0.02 • 5.67-10“® 
(0.1 • 273'* - 307"^) = -2.83 W. This number is significantly smaller that the heat loss by 
thermal conduction, Q’ = 68 W, calculated in Sect. 2.3.2. 

’ ^con ' 

More details about black body radiation will be given in Sect. 8.1.3. 



2.3.7 Phase Changes and Evaporation Cooling 

The fourth method used to transfer heat involves the phase change evaporation/ 
condensation. Animals lose heat when they sweat, and they gain heat when steam 
condenses on their skin. These heat transfer processes always require a transfer of 
mass as well. For that reason heat transfer with phase changes maybe classified as 
a special case of convective heat transfer. However, since the latent heat of fusion 
Lp and latent heat of evaporation are large numbers, one sometimes does not 
recognize the mass transfer. For water these values are 1^=2257 kj/kg, and 

if=333kj/kg. 

Evaporation is the process whereby AM kg of a liquid is turned into its gas. This 
process requires the heat 



AQ^=L^AM. 



(2.27) 
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Sublimation is the process whereby a material goes from the solid to the 
gaseous state. Examples are dry ice turning into CO^ gas, or frozen clothes drying 
on a cloth line on cold prairie winter day. 

AQf=LfAM. ( 2 . 28 ) 

In a steady process where a constant flow of mass / is evaporated or condensed 
a steady flow of power is consumed (negative sign) or released (positive sign) 

P,= LJ, ( 2 . 29 ) 

and 

P{ = Lf}. ( 2 . 30 ) 

Sweating/perspiration cooling is convective heat transfer combined with a 
phase change. We experience this cooling after sudden physical exercise. Dogs use 
sweating all the time to get rid of excessive internal energy. The reverse process of 
condensation may lead to severe burns, if the released heat cannot be absorbed 
fast enough - the temperature will stabilize at the boiling point. 

Example of perspiration cooling: A dog of mass M=3okg races up a steep hill rais- 
ing his center of mass by Ay = 120 m in 2.5 minutes. In order to prevent overheating 
the dog sticks out his tongue and cools himself by evaporation. How much water will 
the dog loose if he does not lose any heat by conduction or surface heat transfer? 

Answer: The dog produces the mechanical work AW=Mg Ay = 30 -9.81 • 120 m = 

3.5 • lo'* J. Since it takes him At = 2.5 • 60 s = 150 s the dog has generated the average 
mechanical power P = 3.5 • lo^ J/150 s = 235 W. At an overall efficiency of p = 25% his 
metabolic power is D= P/0.25 = 942 W. The fraction {i-rj) = 75 % of this power ap- 
pears as heat. Set it equal to the evaporation power given in (2.29) and solve for the 
mass loss rate 7=0.75 riL^=o.j$ ■ 942W/(2257j/g) = o.3ig/s. In 2.5 minutes the dog 
must lose AM =/ • At = 0.31 g/s • 150 s = 46 g of water, or heat up. The moral of the sto- 
ry is: have a water bottle along when you chase your dog up a steep hill! 



2.3.8 Managing the Flow of Heat 

The body’s chemistry works best at certain temperatures. Warm-blooded animals 
(homeotherm) maintain body temperatures of about 3/°C employing various 
strategies, see Table 2.8. 

Animals living in extreme locations in the biosphere have learned to adapt to 
the temperature around them. Habitats range from the ice in Antarctica to the ex- 
tremely hot thermal vents in the ocean or in hot pools in locations such as the Yel- 
lowstone National Park. Organisms living there have body temperatures that are 
equal to their surroundings. In cool environments their body fluids act like an- 
tifreeze, so that their body fluids will not freeze up. On the other end of the tern- 
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Table 2.8. Body temperature stabilization prinziples 



working hard in 
temperate climates 


cold climates 


hot, dry climates 


• let heat flow out by 


• make surfaced area small 


• thick insulation layers 


- evaporation 


- roll into a sphere 




- surface heat transfer 


• thick insulation layers 


• avoid evaporation 


- conduction in contact to 


- ruffle feathers 




cold objects outside 


• minimize thermal conductivity 


• avoid hot times of day 


• make thermal conductivity 


- dry fur 


• avoid sun light 


large by 


• avoid evaporation 


- deflect radiation 


- wet fur 


• keep extremities cold by 


- stay in the shade 


- expose skin 


- counter-flow heat exchangers 




- reduce thickness of 


• reduce temporarily 


• use external coolants 


insulation layers 


- torpor 


- water for evaporation 




- hibernation 

• black skin to absorb sunlight 


- cool with sand 



perature scale, the organisms in hot environments must have chemical composi- 
tions that do not coagulate like egg yolk in a frying pan. 

Animals with intermediate body temperatures who make their homes in hot 
deserts or Arctic climates must reduce heat transfer into and out of their bodies, 
by insulation, by avoidance of evaporation or condensation, and by carefully 
choosing to be active, when the thermal challenges are less extreme. One trick em- 
ployed to keep warm - by bees and penguins - is to form groups, where each in- 
dividual is partly protected by its peers. Beehives maintain temperatures well 
above freezing through the metabolism of all the animals in the swarm. Bees can 
actually increase the ambient temperature in their hive by beating their wings, an 
ability they also use as a defense against invading insects: The bees surround the 
invader and cook their enemies to death. Male king penguins in Antarctica stand 
silently in tight colonies in the middle of the Arctic winter incubating a single egg 
on their feet. The tight formation provides some protection against the cold. The 
birds that face the wind stand guard for a short while and then walk slowly and 
graciously to the lee. 



2.4 How Thermodynamics Sets Limits for Life 

The laws of thermodynamics yield limits for life on different scales. On a large 
scale thermodynamics defines the volumes of space around stars where water 
based life can occur in the universe. On a small scale thermodynamics determines 
how small individual warm-blooded animals can make their home in a cold envi- 



ronment. 
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2.4.1 A Place Called Home 



Most body functions require the presence of water; neither ice nor steam would 
do. Water has to be the liquid phase. Therefore life happens in a range of temper- 
atures where liquid water can exist, namely between the ice point T= 0° and the 
boiling point T=ioo°C , see Fig. 2.13. 



Fig. 2.13. The life belt around the sun 

The temperature limits are not exactly fixed because some animals have man- 
aged to put antifreeze into their bodies so that they can operate below o°C. Some 
other animals, called Extremotherms, actually live in the hot thermal vents in the 
ocean in geysers above ioo°C. For calculations involving the radiation from hot 
bodies one must use the Kelvin temperature scale which has the ice point at 
T=2/3 K and the boiling point at T=3/3 K. This range of temperatures fixes a life 
belt around the sun, where life can prosper. Apart from geothermal sources we get 
all of our energy from the sun. The sun with a body mass 2 • io^° kg emits a 

power 4 of about 6 • 10^® W. 

For any object like the earth or a space ship, located at some distance d from the 
sun there is a particular equilibrium temperature T(d) at which the radiation en- 
ergy received from the sun exactly equals the black body radiation given off by the 
object. 

If we assume that life is tied to the existence of water, life can thus only happen 
at places in the universe where the average temperature is in the range 270 K 
to TJjjax” 37° determine at which distance from the sun such life can 

exist. For this calculation we use the solar constant S = 1.37 kW/m^, namely the in- 
tensity of the sun’s radiation at the distance d^~ 1.5 • lo^^m of the earth. With the 
help of the inverse square law (2.23) we find the intensity drops off with distance d 
from the sun as I{d) = S{dJdy. The earth intercepts the total amount P=a^AI, 
where A = nR^ is the cross section area of the earth’s shadow, and is the radius 
of the earth. Hence the earth receives the power (energy per second) 

4 Similar to the metabolic rate of animals the power production P(M) of main sequence 
stars can be approximated by the allometric function of the star mass M, namely P(M) = 



T=0’C 
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P = aAJ= a^nRl S {djdy W . 



(2.31) 



At the same time the earth loses power like any black body, at the rate 

Ql=A^£ a r^W (2.32) 

where Stefan’s constant is a ~ 5.67- io“*W/(m^K 4 ), Aj,= 47tk^ is the surface area of 
the earth. In equilibrium P must be equal to the lost heat flux Q[. 

KRlS{dJdr = 4 KRlcT^ ( 2 . 33 ) 

The emissivity £ and the absorptivity drop out of the calculation because 
they are equal for any object. Equation (2.33) may be solved with d=d = 
150 -10® km to find the average temperature T= (S/4a)‘^'*= 277 K which a rock- 
planet would acquire at the earth’s distance from the sun. 





► f 

Jun Sep Dec Mar Jun 



Fig. 2.14. (a) Where water based life is possible near the sun, (b) seasonal temperature vari- 
ations 



To determine the width of the life belt we solve (2.33) for d = d^(i/Ty^ (S/4a) 
leaving T as a free parameter. The maximum life belt distance d^^^ is found for the 
lowest temperature T ~ 270 K, where liquid water still exists, namely d^^^= 
dg(i /27o)^V(S/4a) = 1.05 1.58- lo^km. For the minimum radius of the habit- 

able space we set T equal to the the boiling point of water, T ~ 373 K. This yields the 
distance dj^ij,= dg(i/373)^V(S/4a) = 0.53 8 • lo^km. The calculation reaffirms 

that we happen to live in the habitable belt of our sun. This calculation also implies 
that conditions for water based life must exist in a ring shaped volume around 
other stars in the universe. 

Actually, the average surface temperature of the earth is about i6°C = 289 K. In- 
ternal heat sources exist as well: both, radioactive decay and some heat from the 
latent heat of fusion of the earth’s iron core, which gradually grows inside the 
earth. These internal heat sources might create habitable zones at larger distances 
from the sun, perhaps on Mars, and on the moons of Jupiter. 

The earth’s rotation generates seasonal and diurnal variations in temperature 
and light intensity, which is illustrated in Fig. 2.14b. Animals have adjusted to these 
temperature changes (i) by turning body functions on and off, (ii) by hiding when 
it is too hot or too cold, (hi) by growing big bodies that neither heat up nor cool 
down too fast, (iv) by maintaining a constant elevated body temperature 
(homeotherm), and (v) by migrating to warmer climates. 
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2.4.2 Why Bigger is Better in a Cold Ocean 

The laws of physics enable and restrict the performance and dimensions of ani- 
mate organisms: animals who learned new physics tricks may invade new niches 
of the biosphere, but physical properties often set limits as to what can realistical- 
ly be achieved. 

A case in point is the group of warm-blooded aquatic animals who have more 
mobility and certain more highly developed senses than do fish. The price for the 
increased abilities advantage is a lower limit in size, which is linked to the physics 
of thermal insulation. The metabolic heat production F of an animal must over- 
come the conductive heat losses Q’.A detailed analysis [Ahlborn and Blake 1999] 
reveals that aquatic mammals which are protected against the cold by an insulat- 
ing blubber layer of thickness AR cannot have a diameter smaller than about 
2 kmin“ 15 cm. In general AR would be a function of R. However, for metabolic 
rates Q’= F=a M“ with the empirical constants a = 3.6, and a ~ 0.73, the insulation 
thickness is found to be AR ~ 4 cm, independent of the body mass M. 

Warm-blooded animals lose heat through their skin from the entire surface 
area of their body. Fig. 2.15. Thermal conduction is easily understood for the heat 
transfer across plane surfaces, see Eq. (2.15). However, if an organism is so small 
that the thickness of its insulation AR becomes a substantial fraction of its radius 
R, the curvature of the body comes into play. For a very small organism the surface 
on the outside of a section of insulation is larger than the surface on its inside and 
therefore the thermal resistance drops. As a consequence the heat transfer from 
cylindrical bodies, (2.16), or from spherical objects (2.17) differs from the plane 
surface relation (2.15). Here we model the aquatic mammal as a cylindrical body, 
with the loss function. 



Q cyl 



= 2KL 



kAT 

ln{i + AR/R^) ■ 



(2.34) 



The length L of the animal is still arbitrary. However, most aquatic animals 
have acquired over time an aspect ratio iR/L in the range 0.2- 0.3. The sum of 
form drag and friction drag happens to be a minimum for this aspect ration range 




Fig. 2.15. A whale of a fish 
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[see MacMahon, and Bonner 1983]. This minimum will be derived from first prin- 
ciples in Sect. 3.4.4. For simplification we use 2RIL=o.2^ or L= 8 R = 8 {R^+AR). 
This yields the heat loss through the cylindrical surface as function of R^ and AR^. 



Q’ 



= i 6 nR 



kAT 

\n{i + AR/R^) ■ 



(2.35) 



Note that the total heat flux depends linearly on the total radius R and is a log- 
arithmic function of the insulation aspect ratio AR/R^. The heat losses thus be- 
come very large when the insulation thickness AR is small compared to R^. The 
empirical metabolic rate function (1.5) was quoted for land animals, and it also ap- 
pears to apply for birds. Since all aquatic mammals have terrestrial forefathers we 
can use the empirical metabolic rate function for the warm blooded aquatic ani- 
mals as well. In equilibrium the metabolic heat production r=aM’^= 
a (p 8k)® must be in balance with the heat losses Q[_yj. This condition leads to 



a{p8nR^y = 



\ 6 %RkAT 

ln(i-hAk/k,)’ 



(2.36) 



where the density p is given in kg/m^, the insulation conductivity in W /m°, and the 
radius R in m. The equilibrium equation (2.36) can be solved for the total radius R 

of the model animal R=Rj-t-AR = B{ln(i -t- 5={(2K'ATa“^ 

p (8 According to (2.36) there is only one correct insulation thick- 

ness AR for any given core radius Rj, where the heat production and the heat loss- 
es are in balance. As an animal must produce its insulating layer the biological cost 
of the heat shield is better represented by the function AR(R). To extract this rela- 
tionship one can first find R as function of the aspect ratio x = ARIR, and then cal- 
culate Rj= (R/(i + x), and AR = xRj. The thermal conductivity of blubber was set at 
K" = o.i W/(m-K), and a cold ocean environment was selected with AT=37°C- 
4°C = 33°C. 

Initially the Eq. (2.36) was examined for the experimentally observed exponent 
a ~ 0.75, but it is easy to show the effect of varying the exponent a of the mouse to 
elephant curve. At the position M^=o.ikg we took Q’=o.6iW from the mouse to 
elephant curve to calculate the factor a for any given exponent a at the body 
weight of about 0.1 kg. Note that each point on these curves belongs to a particu- 
lar value of the aspect ratio x = AR/R. For a smaller R, larger AR/R must be chosen 
to maintain the thermal balance. Points for x = 1 and 0.5 are marked on all curves. 
When X gets too large it becomes too expensive for the organism to manufacture 
its insulation. Therefore we have arbitrarily terminated at x= AR/R= 1. This point 
then represents a lower limit for the size of the warm-blooded animals. Note that 
this lower limit gets smaller as the exponent a increases. 

5 More precisely one should model the animals as a cylindrical body of length Lj and ra- 
dius R = Rj-hAR with 2 spherical end caps of radius R for a total length of L=L^ + 2R, 
which loses heat through its entire surface area. However, the losses through the end caps 
only amount to a few percent. Therefore the end cap heat flux is neglected here. 
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0 0.05 0.1 0.15 0.2 0.25 0.3 

Fig. 2.16. Insulation thickness AR function of the total body radius R + AR for various ex- 
ponents a 



More surprising than the existence of a lower limit in size is the fact that AR 
varies only very little with the body radius for the exponent a = ^k, while the re- 
quired insulation thickness grows with k for a = 2/3. To study the importance of a 
for the heat transfer in more detail similar curves are shown for a range of expo- 
nents, Fig. 2.16. One can see that there is a systematic change of the dependence of 
the insulation thickness AR as function of R^. When a is below 0.73 the insulation 
thickness AR rises with radius, while for a > 0.75 it decreases. 

Neither of these relations would be biologically wanted. However, precisely at 
the experimentally observed metabolic exponent = 0.73 the insulation thickness 
AR is independent of the radius R. The calculated insulation thickness 
AR~ 0.037 m agrees well with measurements by Kvadsheim [1997] who found av- 
erage values of Ak=o.03 m. Obviously the exponent a = 0.73 chosen by Nature has 
advantages that go beyond the arguments presented in Sect. 1.3.1. In the context of 
heat conduction one could describe the experimental mouse to elephant exponent 
a = 0.73 as the response of Natures to the essential cylindrical geometry of warm- 
blooded animals. This exponent is matched to the concept behind the heat trans- 
fer relation, namely that the thermal resistance Ak/K"is the same for organ- 
isms of different sizes and thus the curvature effects on the thermal resistance are 
canceled out. The family of curves was calculated for a specific example of AT and 
K, however, the intriguing result that the insulation thickness AR is independent of 
the body radius for a = 0.73 holds for any AT and K. 
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2.4.3 Why Birds Can't Be Smaller Than Bees 



Evolution has produced an immense variety of shapes and designs. However, cer- 
tain limits are set by the laws of physics. A case in point is the minimum size of 
homeotherm (warm blooded) animals, such as birds [Ahlborn and Blake 2001]. 
The metabolic heat production F must be able to overcome the conductive heat 
losses Q’. In the resting state one has 7 ^= 3.6M^^'*W. The best geometry to make the 
heat losses small is a sphere. Heat is generated in the volume V= {4Kl’i)R^, but is 
lost through the surface A = 4kR^. For a sphere the surface to volume ratio 
A/ y= 3/k, is smaller than for any other geometrical shape. However small spheres 
have larger A/V ratios than larger spheres, so that there must be a minimum ra- 
dius for any metabolic heat production where an elevated body temperature can 
no longer be maintained. This size limit is now determined for birds. 

We model birds as spheres and assume that the skin under the feathers. 
Fig. 2.17b, at the radius R^ is maintained at the temperature Tj while the outside 
temperature is T^. The heat loss from a sphere is 

K AT 

Q’ = 47t(k, -hAk) . (2.37) 

ARIR- 

The body mass M is related to the radius. Since the feathers of thickness AR 
contribute practically no mass, the body mass is M= {4Til'i)pR?. The metabolic 
heat production must at least equal the conduction losses. This con- 

dition leads to an equation for AR as function of kj. 



Ak = 



ki 

(c/K--Ar)-k,“’-i 



(2.38) 



For p = io 3 kg/m 3 the constant has the value C= (3.6/471) •(4ttp/3)°-^5 = 126.3. 
The insulation thickness Ak becomes infinite for a limiting radius where 

the denominator of Eq. (2.33) becomes zero. 



^min=(kAk/C )°-«4 (2.39) 

At this point no amount of insulation is enough to maintain the body temperature 
at the value Tj. The position of R^^^ depends sensitive on kAT. Smaller values of 
kAT, or an increased metabolic rate (which increases the constant C) would shift 
the curve toward the left. 

Humming birds have such an increased metabolic rate, and thus can be small- 
er. Figure 2.16 shows Ak as function of kj, calculated for air insulation (down 
feathers), and the temperature difference AT=33°. Ak approaches for kj = 
kmi„= 2.5 cm. An infinite insulation thickness is useless for any animal. Of interest 
is the insulation aspect ratio Ak/kj, which is also shown in Fig. 2.17. A practical 
minimum aspect ration is AR/R^~ 1, which is attained at kj=k”^ = 3 cm. This prac- 
tical minimum radius is an order of magnitude larger than the size of a bee, with 
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Fig. 2.17. Insulation thickness AR as function of body radius 

a typical body dimension R ~ 0.3 cm, leading to the conclusion that birds cannot 
be smaller than bees. Warm-blooded animal of sub-centimeter size can never ex- 
ist in a cold environment, because the physiology is ultimately constrained by the 
immutable laws of physics. 

The limiting radius arises because the radial heat losses cannot exceed the 
metabolic heat production if the animal is to maintain its internal temperature Tj. 
Previous studies of size limits on homeotherm animals [Balmer, and Strobusch, 
1977, Turner, and Schroter, 1985] applied the concept of the critical radius, R^, 
known from the engineering literature [for instance see White 1984].!?^ is calcu- 
lated by equating the radial heat flow in the insulation (characterized by the ther- 
mal conductivity, k), to the heat loss at the outer surface of a hot object (character- 
ized by the surface heat flow coefficient, h^). The critical radius depends strongly 
on the surface heat transfer coefficient, which may vary by more than one order of 
magnitude, see Table 2.7. The critical radius concept is useful for engineering situ- 
ations, where the net heat flux can be treated as an independent quantity of arbi- 
trary magnitude. However, in applications to living organisms this concept misses 
the essential point that the total heat production is tied to the animal size by the 
metabolic rate F. Therefore the critical radius does not yield a practical limit for 
warm-blooded animals. 

While thermodynamical principles limit the size of warm-blooded animals, 
there may be other factors that also demand a size minimum for animals in a par- 
ticular niche of the biosphere. 



2.4.4 Water, the Magic Stuff 

Without water there is no life. Therefore all organisms from the plankton at the 
bottom of the food chain to the killer whales at the top must exist by using the 
properties of water. Materials can be characterized by their state variables: tem- 
perature T, their pressure p, and their density p, and their internal energy U (or 
their enthalpy h=U+ {pip). These state variables can be given for all the four 
phases: solid, liquid, and gas, and plasma. 
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Fig. 2.18. Phases, specific heats, and latent heats of water 

Water turns into ice (solid) when cooled bellow 273 K (o°C) releasing the heat 
of fusion if =333 J/g, and water turns into steam (vapor) when heated above 373 K 
(ioo°C), consuming the heat of vaporization L^= xiyj J/g. To heat 1 g of water by 
1 K (or by i°C) requires the specific heat 1 cal/g = 4.18 J/g. 

Gases change their density when pressure is applied, such substances are called 
compressible. Water is incompressible (it does not yield to pressure) however, its 
density p depends on the temperature, see Fig. 2.19. 

Water of 4°C has the highest density, and thus sinks to the bottom of lakes and 
oceans. Life is safe down under. Sound caries far, but it is dark deep down, see 
Sect. 7.3.4. Water is denser than ice = 0.92 Hence ice floats on top of the 
water. For example 92% of an iceberg is submerged. The density of ocean water 
also depends also on the salinity. 

Water contains only about 2-5% of the oxygen content of air. However cold 
water at o°C (close to sea ice) has about 60% more oxygen content than tropical 
water of 25°, see Fig. 2.21. 

In summer months the sun shines 24 hours every day in the high Arctic. With 
plenty of light and oxygen in the surface waters ocean plankton flourishes in the 
Arctic and Antarctic waters in summer months. The plankton is the basis of the 
whole food chain. Plankton feed krill, which in turn supports small fish. Small fish 
attract sea birds, large fish, and marine mammals, all of which migrate to these 
productive regions in the summer months. Thus the Arctic and the Antarctic wa- 
ters in summer are the most productive regions in the ocean. 




Fig. 2.19. Density p of water near o°C 
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Fig. 2.20. Temperature and salinity of sea water as function latitude (a), and depth (b) 
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Fig. 2.21. Ratios of O2 concentrations in freshwater - air, and sea water - air [data adopted 
from Denny 1993] 



2.5 Other Physical Quantities 

This chapter demonstrates how animals have learned to use the macroscopic 
physical effects of energy conversion and temperature control. These physics 
“tricks” have enabled animals to fill new niches in the biosphere, and to occupy 
vast tracts of land from high latitudes on the earth, where the temperatures might 
sink below freezing, to the scorching deserts where the temperature approaches 
boiling. 

Insects, amphibia, and reptilia make use of thermodynamic principles a) in or- 
der to acquire the temperature of their environment, b) to get hotter than their 
surrounding when it is frigid, or c) to get colder when it is too hot. However they 
have not yet perfected the ability to keep a constant body temperature. Single cell 
organisms are incapable of using these physical effects. 

The homeothermal status of birds and mammals appears to be a rather recent 
invention in the evolution of life on earth. 
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Long before animals had mastered these thermodynamic principles organisms 
had emerged out of the water and established themselves on the land. The evolu- 
tionary step onto land necessitated the mastery of different branches of physics. In 
water large and soft bodies can support themselves by buoyancy forces alone. Ter- 
restrial and airborne animals must deal with gravity and other forces: namely 
elastic, and electrostatic forces, surface tension, friction, and forces that are asso- 
ciated with motion. Animals on the land and in the air need strong materials to 
support and contain their bodies, and enable them to move around. Forces and 
materials are described in the next chapter. 



Table 2.9. Frequently used variables of Chap. 2 



variable 


name 


units 


name of unit 


A 


area 


m^ 


square meter 


a 


metabolic rate constant 






c 


specific heat 


J/(kg°) 


Joule / kg & degree (K) 


d 


distance 


m 


meter 


Eel 


elastic energy 


1 


Joule 


^kin 


kinetic energy 


j 


Joule 


-^pot 


potential energy 


j 


Joule 


/ 


specific muscle power 


Pa=N/m^ 


Pascal 


h 


height 


m 


meter 


K 


surface heat flow coefficient 


W/(°m^) 


Watt/degree (K) & square meter 


I 


intensity of radiation 


W/m^ 


Watt/square meter 


} 


mass flow rate 


kg/s 


kilogram/second 


k 


Spring constant 


N/m 


Newton/meter 


L 


length 


m 


meter 


Ef 


latent heat of fusion 


J/kg 


Joule/kilogram 


iv 


latent heat of vaporization 


J/kg 


Joule/kilogram 


Q, AQ 


heat 


J 


Joule 


Q’ 


heat flux 


W 


Watt 


R 


radius 


m 


meter 


^.h 


thermal resistance 


°/w 


degree (KJ/Watt 


5 


distance 


m 


meter 


s 


solar constant 


W/m^ 


Watt/square meter 


t 


time 


s 


second 


U,AU 


internal energy 


J 


Joule 


U 


velocity 


m/s 


meter/second 


w 


work 


J 


Joule 


«r 


absorptivity 






e 


emissivity 






n 


efficiency 






K 


thermal conductivity 


W/(°m) 


Watt/degree (K) & meter 
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Problems and Hints for Solutions 

P2.1 Diet 

Suppose a 65 kg person lives on a diet consisting of prime beef (iZpg=4M}/kg), 
honey itjj=i4- io®J/kg) and corn flakes (A/z^j=i5 MJ/kg). How much corn flakes 
must this person eat per day if the diet consists of 20% by weigh of beef, 20% hon- 
ey and 60% corn flakes? Assume that the average metabolic power consumption is 
a factor 2 above the resting metabolic rate. 

P2.2 Staircase Walker 

A person (M = 60 kg) runs up staircase, climbing a height of it = 7 m in 5 seconds, 
a) How much mechanical energy is produced? b) What is the mechanical power 
generated in this climb? c) Why does the person breathe heavily and why does his 
heart rate go up as he climbs the stairs? d) If this person would carry a suitcase of 
m = i2kg, and generate the same mechanical power as he climbs how long would 
it take him to get up the stairs? e) If this person has a mechanical efficiency of 30%, 
what is the total metabolic power, and total metabolic energy, and how much en- 
ergy goes into heat, f) By how much does his body temperature go up? (Assume a 
specific heat of C = 4.i8-io^}/kg.) g) Do the experiment yourself: Measure the 
height of one stair in a staircase, and count the number of stairs to find the height 
Ah of a storey. Then time yourself as you run up the stairs. 

P2.3 The Tour de France 

The tour de France lasts for cycling 22 days, at 6 h/day (in 6 weeks). A cyclist 
(M=/okg) drinks on average 7.0 1 water during the 6 hours of cycling, a) Assume 
that this water is entirely used for evaporation cooling. How much energy is dissi- 
pated? b) If he has a mechanical efficiency of t] = 25% what is his total energy pro- 
duction and his muscle power output (W). c) The cyclists has an average speed of 
u =47 km/h, how much distance As does he cover daily? d) Suppose the rolling re- 
sistance is negligible; what is the average drag resistance? e) What is his energy 
cost per meter £= AQ/m? f) Compare his cost of transport COT = E/M with that of 
a runner and a bird. Fig. 5.9. 

P 2.4 Perspiration Cooling 

A 30 kg dog runs uphill raising his center of mass by 120 m in 2 minutes. In order 
to prevent overheating the dog sticks out her tongue and cools by evaporation. 
How much water will the dog lose? Assume that the dog has a mechanical efficien- 
cy of 26%, and maintains her body temperature, i.e. she gets rid of all the excess 
heat by perspiration cooling. 

P 2.5 Cool Drinks 

Suppose you hold in one hand a glass with a drink in which ice cubes are floating, 
a) How much heat is flowing from your hand to the drink by conduction? Assume 
an average temperature of 28°C in your hand. Find the contact area, by wrap- 
ping a paper towel around the glass and grabbing it with a wet hand, so that you 
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can outline the “hand print” with a pen, and then measure the area approximate- 
ly. Assume that the capillaries are Ax=3mm away from the surface, taking K= 
o.o8 W/mK for the thermal conductivity of the tissue, b) The heat lost by conduc- 
tion is replaced by heat convected into the hand by the blood. How many degrees 
will the temperature of this nearby blood drop, if the blood flow rate through the 
hand is m'= 1.5 g/s? 

P2.6 Sunbirds 

A sparrow (mass M= 0.020 kg = p • V) soaks up sunlight on a frosty but sunny 
morning, a) How much solar power does the bird absorb, and how much en- 
ergy [Joule] will the sparrow collect during 10 minutes? Hint: First determine the 
Volume V= (471/3)^3 of the sparrow, treating it like a spherical object of density 
P ~ Pwater“ 100 ° kg/m^. Since the sun is still low in the sky assume that the sunlight 
has only 1/5 of its full power (at full power 7=8 = 1.37 kW/m^). Obviously the bird 
presents an object like a circle to the sunlight. Assume that the absorptivity of the 
bird with its feathers ruffled is 0.8. b) Compare your calculated value 

Q’abs with the metabolic heat production of the bird, c) Why do Cormorants 
spread their wings after diving? 

P 2.7 A Hippo-thetical Question 

A hippopotamus of M=pookg has been sleeping in a thicket and it waddles into 
the open late in the morning. The hippo stands in the bright light of the sun over- 
head for 20 minutes before it starts its active day. a) How much radiation energy 
does the hippo absorb in the 20 minutes? Model the hippo body as a cylinder of 
radius R and length L = 4R supported by 4 chubby legs each having the mass of 
Mjeg=5okg. The solar constant is S = i.37kW/mh Assume an absorption factor 
a = 0.65. Hint the average density of the animal is similar to that of water, b) It is 
getting very hot and the hippo decides to take a bath in a pool of T=22°C. How 
much heat does the lose in the pool by thermal conduction through its bum? As- 
sume area A^= 0.4 m^, thickness of bum fat insulation AR=o.o8 cm, thermal con- 
ductivity K= 0.11 W/mK. c) Thereafter the hippo rolls in the mud, accumulating a 
healthy layer of wet dirt all over its body. Then standing in a gentle afternoon 
breeze the hippo cools off by evaporating some water from the mud. How much 
water must be evaporated to lower its average body temperature by 2.5°? 



Sample Solutions 

S 2.1 One day has 86 400 seconds. Two times the resting metabolic rate is r=2l^= 
2 • 3.6 • 65°-75=i 65 W= AQ/day. Sixty percent of this power namely 7"=98.9 W= 
98.9 J/s = 98.9 J/s • 86 400 s/day=8.54‘ 10® J/day is supplied by corn flakes that have 
an energy content i.5-io7J/kg corn flake • 8.54- 10® J/day= AM corn flakes/day 
•15 • 10® J/kg. In this equation the mass of corn flakes, AM, is unknown; solve for 
AM to get: AM= 8.54 • 10® J/day/(i5 • 10^ J/kg corn flakes) = 0.57 kg corn flakes /day. 
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S 2.3 a) When 7 kg water is dissipated the energy A£ = 7kg-2.3-io®}/kg = i.6i- 
10^ J is released, b) Assume that this energy is entirely used to remove the internal 
energy, AU, which is released as a byproduct of generating the work AW in a meta- 
bolic process that consumes the energy AQ = A 17 + AW. At the efficiency t] = 0.25% 
one has AW=o.25 AQ and AU={i-ri)AQ=o.7sAQ. Then the total energy conver- 
sion is AQ=A[//o. 75 = 1.61 • 10^/0.75 = 2.15- lo^j, and AW= 0.25 AQ= (0.75/0.25) 
A 17 = 5 . 37 - io®J. This work is delivered in 6 hours, which implies the mechanical 
power P= AW/6 h= 248 W. c) At the average speed 47 km/h the cyclist covers 
A s = 6 h • 47 km/h = 282 km = 2.82 • lo^ m in 6 hours, d) Interpret the drag force Fp 
as the mechanical energy expended per meter of travel Fp=AW/As =5.37-10^}/ 
2.82 • io 5 m = i9 N. The cost of transport is defined as COT = AW/M- As = 
0.27 J/m kg. This value is about a factor of 10 lower than the cost of transport for a 
runner, see Fig. 5.9. 

S 2.5 Assume you measure an area of A = 25 cm^= 0.0025 m^. The heat loss is Q’= 
A K'AT/Ax= 0.0025 • 0.08 • 28/0.003 = 1.87 W. b) Assume that the specific heat of 
blood is about equal to that of blood transfer by 

conduction: Q’=Cm’AT. The temperature drop is AT= Q 7 C- m’= 1.87 Js“V 
(4.18 J/°g • 1.5 g-s"i) = 0.3°. 
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Thirty spokes meet the wheel’s hub. 

It is the center hole that makes it useful. 

Clay is the substance of vessels, 

it is the void within that makes them useful. 

Houses are built with walls and doors 

It is the space within that makes them useful. 

Therefore matter is needed 

But the essence lies in the form. 

Chinese wisdom from the Tao Te King. 



Forces Set the Body Form 

Life requires matter, energy and information. Energy is absorbed through the 
food. The metabolic energy consumption is closely tied to the body mass M. Every 
organism is bound to earth by gravity F^=Mg. The gravity with the gravitational 
constant gga,.tij= g = 9.81 m/s^ holds us tighter to the earth surface than the astro- 
nauts were held onto the lunar surface, since is only one sixth of 
mals come in all sizes with small or large body mass M. But how should the body 
of a fish, ox, or pigeon be formed? What shape should it adopt? Suppose each ani- 
mal is an optimized solution to its niche in the biosphere. Then the body form 
must have evolved in response to the external and internal forces that act on the 
organism. To appreciate body forms one must first know how forces act, and what 
kind of forces animals might encounter. Then one can recognize the elegance of 
the design of large and small structures. 

In this chapter it is shown how animals have skillfully used to their advantage 
all the forces that nature provides, and how they have adapted their body shapes 
to make best use of the laws of statics and dynamics. Occasionally one can even 
see that a particular structure or shape represents an absolute optimum: a mini- 
mum of energy expenditure or a maximum of strength. 

The chapter begins with a description of some important features of forces: 
compression, tension, static equilibrium, and how to display them in the free body 
diagram. Sect. 3.1. Then it is reported how muscles generate forces and what effi- 
ciencies muscles can achieve. Sect. 3.2. Static and dynamic forces that animals 
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might encounter are described in Sect. 3.3 and 3.4. Simple body forms are dis- 
cussed in Sect. 3.5. Some features of large structures are explained in Sect. 3.6. 
There are certain rules how bodies must be scaled up from small to large sizes, 
Sect. 3.7. As an example of the origin of the strength of materials, the properties of 
spider silk are discussed in Sect. 3.8. 



3.1 How to Deal with Forces 

Statics affects the shape, and size of animals. On first view one might think that the 
body form is entirely arbitrary. For instance why do fish not have propulsive de- 
vices at the front and at the rear of their bodies, so that they might swim equally 
well forward and backwards? 

On closer inspection one learns that nothing in life is purely accidental. Size 
and form have evolved in response to the particular conditions surrounding each 
animal giving it that trifle of advantage that makes it fittest in its niche. One part 
of the surrounding is the inanimate world of gravity, water, wind, seasons, weath- 
er, and geographic location. The other part is the rest of the biosphere. Animals 
that “understand” statics have bodies that are only strong at places where strength 
is needed, and have shapes which offer the least resistance to motion. They use 
materials that are matched to the magnitude and direction of the local forces: flex- 
ible cables (sinews) or skin, where tension forces occur, and strong but possibly 
brittle structures (bones) where compression forces are acting. 

In the pervious chapter, forces were encountered in the context of energy, and 
power. A force F pushing an object through the distance As at the speed u con- 
sumes the energy E=F - As. This action requires the power input P=F -u. This is 
always true. However, if one wants to understand why animals have acquired their 
distinct body forms, and how they move so elegant and efficiently, one must learn 
about the nature of static and dynamic forces. When an object is not moving all 
forces are in balance. This is a problem of statics. 



3.1.1 Forces in Static Equilibrium 

An animal can sit motionless only if all acting forces and moments are in balance. 
To see what this statement means one must remember certain properties of forces: 

• They can create compression or tension. 

• Forces are vectors. Vectors can be added and multiplied. 

• A force times displacement in the force-direction is work W=F -As- cos (F, As). 

• A force F acting with a moment arm r generates a torque T=F-r- sin(F,d). 

The symbol (F, As) designates the angle between the force and the displacement, and 
{F, r) is the angle between the force and the moment arm. 
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Fig. 3.1. Principles of statics: forces and moments in balance 

These principles are outlined in Fig. 3.1. An animal which wants to sit motion- 
less must ascertain that all forces are in balance. Gravity is the most obvious force. 
Gravity will squash a collection of cells and soft organs into the shape of a pancake 
unless it is offset by an appropriate arrangement of internal forces, employing 
structural members that can withstand compression, tension, and bending mo- 
ments. Many macroscopic forces can be traced back to the microscopic forces be- 
tween molecules, ions, and electrons. More about the inter molecular forces will be 
said in Sect. 3.5.5. 

in static equilibrium the sum 

of all forces vanishes and the sum of all moments vanishes 



If the sum of all forces and moments acting on a body is not zero the object 
cannot be at rest. It must move. More about this is said in Chaps. 4, 5, and 6. 

3.1.2 Compression and Tension 

Forces always appear in pairs. For example when one pushes with the fist onto a 
book resting on a table, the table pushes back at the book. The book is not mov- 
ing, because the force exerted by the table and the force applied by the fist are ex- 
actly equal. Pushed from both sides the book is under compression. 



compression 





1=1 




F=Mg 



stack of newspaper 




fixed 

wall 




-F 



Fig. 3.2. Direction of forces 



70 



3- Form and Forces 



If a rope tied to a tree and then pulled, the rope is stretched from both sides. 
This is called tension. A cantilevered beam supports tension as well as compres- 
sion. Tendons, ligaments, and skin, like rope, can support only tension (you cannot 
push on a rope!) while bones can support compression, tension, and torsion. 
Bones, skin and tendons under tension can withstand lateral forces. 



3.1.3 The Free Body Diagram 

In order to understand how animals stand up and move one must locate the forces 
that act on the whole body or its appendages. Think for instance of the mechanism 
of holding up the head, mass m which is pulled towards the center of the earth 
with the force mg, acting at the center of mass of the head. Fig. 3.3a. 





Fig. 3.3. (a) Horse head with supporting members, (b) Free body diagram of a head show- 
ing force components, (c) Moments about point B. Center of mass CM 



To help visualize the situation it is useful to draw a free body diagram, and then 
list the force components in all direction to see how they are balanced. To simpli- 
fy the discussion assume that the head is supported only by the neck bones which 
are under compression C, and by a tendon that is under tension T. Disregard the 
additional support which comes from the internal pressure and the tension pro- 
duced by the skin. This could be done by making a cut through the points A and 
B, Fig. 3.3b. Then draw the forces T and C and their components in the x- and y- di- 
rection. Further locate the center of mass CM of the head where gravity mg pulls 
down. Show the moments about B, Fig. 3.3 c. The following relations apply: 

• The sum of the forces in the x- direction (to the right) is AF^= 0 = T^— 

• The sum of the forces in the y- direction (up) is ® ^y~ ^ § 

• The sum of the moments about point B is Q=T- r^~ mg- 

Note that is counted negative since it points into the negative x-direction. 



3-2 Muscles and Tendons 71 

3.2 Muscles and Tendons 

All large animals that move have muscles. A muscle exerts a tensile force when it 
contracts. Think of the biceps that lifts your hand, or think of the stomach muscles 
that can lift your legs when you lie flat on your back. When a muscle contracts its 
length shrinks and its diameter increases, because the muscle volume must re- 
main constant. Therefore the muscle exerts simultaneously an axial tension and a 
radial compression force. This compression force pushes against your intestines, 
which in turn push against your spine as you lift your legs. Muscle force is used for 
chewing, running, flying, pointing ears, or rolling the eyes. Muscles pump blood or 
restrict the blood flow. Muscle force is transmitted by tendons onto fixed points on 
bones in order to move the limbs. Muscle force arises from the bending of count- 
less molecular structures in the muscle cells. 



3.2.1 Muscle Force 

A muscle pulls with a force F (measured in Newton) that depends on its cross sec- 
tion Aj^. In slow motion the muscle tissue of all animals generates about the same 
stress called specific muscle force, f= FIA^~ 2 • lo^ N/m^ The force generated by 

a particular muscle is the product of the specific muscle force and the cross 
section. 



( 3 - 1 ) 

This force may lift a weight. The weight W=Mg of the object is the product of 
its mass M, and the gravitational acceleration g. 

It is easy to determine the approximate strength of a biceps. Model the muscle as it is 
stretched between the shoulder and the forearm, holding up a weight. Fig. 3.4b. As- 
sume the muscle has a cross section of Aj^^^so cm^=5 • io“ 3 m^. Then the total force 
with which the muscle pulls on the tendon is F=Af=$ - lo'^m^- 2 • io 5 N/m^ = loooN. 
Actually the tendon of the biceps is attached at a distance d ~ 0.06 m from the elbow 
“hinge”. Fig. 3.4b. The hand, which is a distance L = 0.5 m off the elbow joint carries 
some weight W=Mg. The balance of moments (law of levers) requires d- F=L - W. 
Here we have neglected the weight of hand and lower arm. This equation of moments 
can be used to determine how much weight the hand could hold up: 

W=d- F/L = o.o6 m- 1,000 N/0.5 m = 120 N. The mass of this weight is found from 
W=Mg, or M= Wg. Approximate g = 10 m/s^ to get M=i2 kg. If one lifts this weight 
by the distance Ax = 0.3 m the mechanical work Ax • IV= 0.3 m • 120 N = 36 J is 

produced. If this was accomplished within Af = 0.5 s the power generated by the mus- 
cle would be P = = 36 J/0.5 S = 72W. 

The numerical value of f is easy to remember. Its magnitude is double the at- 
mospheric pressure on the surface of the earth. 
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Fig. 3.4. (a) Muscle carrying a weight, (b) Hand holding a weight 

Otto von Guericke in his famous experiment 1648 demonstrated the atmos- 
pheric pressure by the Magdeburg hemispheres, two empty hemispheres initially 
held together with a seal and then evacuated. The whole system was about the size 
of a soccer ball. Its cross section had an area of about A ~ 0.1 m^. With vacuum on 
the inside the atmospheric pressure from the outside generated a force of 
F=pA=o.im^- io 5 N/m^ = io 4 N. Eight horses could not pull it apart. Had he re- 
placed the hemispheres by a living muscle he would have achieved the same effect 
by a muscle strand of only half the cross section area A. 

A biceps that “holds” a weight without actually moving the weight, Fig. 3.5a, 
does work. In contrast an elastic material that is stretched, produces a tension 
without doing work. The comparison between muscle and spring is only partly 
true, because a spring does not do any work when holding a weight, while the 
muscle carries out small vibrations around the rest position of the weight in order 
to hold it at a constant height. These vibrations arise because the position is not 
statically fixed, but rather constantly adjusted (dynamical stability). To generate 
any force the cross bridges must be in motion, like a car that can be held motion- 




Fig. 3.5. Dynamical support servo control system 
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less on a slope without using the brakes, by applying enough gas so that the car 
does not roll backwards but does not drive forward either. The muscle is at work 
while generating the stress f^. It consumes power. Some muscles work continuous- 
ly, like the heart, while others are only called into action once in a while. Muscles 
under heavy load fatigues rapidly. 



3.2.2 A Simple Model of the Muscle 

Muscles are made of cells, which have two major functions. First, the cells contain 
the chemical machinery that transforms food (glucose and oxygen) into the spe- 
cific fuel that is used in the contractile process (ATP).' This metabolic process has 
an efficiency of typically 50%. Secondly, they contain long filament structures, 
called myofibrils, that actually carry out the energy transformation between the 
chemical energy stored in ATP and mechanical work output. 

Muscle cells are very long. They run the full distance from end to end in a mus- 
cle. For instance the biceps, which flexes the elbow, is about 15 cm long. It is made 
of muscle cells that are all 15 cm long, and have a diameter of 20-100 pm. These 
very long cells surround the myofibrils, which generate the force. The muscles are 
connected by tendons to the fixed points on the bone. 




A muscle cell contains along its full length many myofibrils, like a rope made 
out of short fiber strands, each about 1 pm in diameter occupying 50% of the mus- 
cle cell volume. Each muscle cell contains tens of myofibrils. In a polarized light 
microscope one can discern a banding pattern spaced 3 pm along the length, indi- 
cating a repeating arrangement of protein based filaments called muscle sarcom- 
ere which provide the basic mechanism of muscle action. 



' In this macroscopic descrition of the muscle one does not have to know anything about 
the biochemistry of ATP and its conversion to ADP. 
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Each myofibril contains a large number of sarcomeres arranged in series. For 
instance the 15 cm long biceps muscle contains along its length 5 • lo^ sarcomeres. 
Each sarcomere contains a highly ordered array of two types of muscle filaments, 
actin and myosin, arranged in an overlapping pattern. Force is generated by inter- 
actions between these overlapping filaments and movement is created by the slid- 
ing of these filaments over each other. The boundaries of the sarcomere are estab- 
lished by transverse structures, called the z-bands. The z-band is an anchoring 
structure that has attached to it two sets of actin filaments which are unidirec- 
tionally polarized as indicated by the arrows, and face in opposite directions. The 
myosin filaments are bipolar filaments that sit in between the actin filaments and 
overlap with them. The myosin filaments have arms called cross bridges (the ends 
of myosin molecules) that reach out and interact with the actin filaments. The 
arms are “polarized” so that they can transmit forces towards the center of each 
myosin filament. Each myosin filament holds two z-bands together, like a link in 
the myofibril “chain”. The force that a single myofibril can generate is therefore 
equal to the weakest link in this chain. 

Cross bridges generate the motion in the muscle motor. At higher magnifica- 
tion it can be seen that the actin filaments are actually made up of linear arrays of 
globular (i.e roughly spherical) actin molecules and that the myosin filaments 
contain rod like myosin molecules. Fig. 3.6. The bob or head at the end of the 
cross-bridge portion of the myosin molecules contains an enzyme that catalyzes a 
hydrolysis reaction involving the fuel for muscle movement, ATP. The bob is also 
able to bind to specific sites on the surface of the actin molecules when inorganic 
phosphate is around. Through these interactions, called the muscle cross bridge 
cycle, the muscle is able to contract and generate force. 



3.2.3 The Muscle Cross Bridge Cycle 

The generation of force involves a cycle as illustrated in Fig. 3.7. Starting at the top, 
a cross bridge with ATP sits unattached but quite close to one of the many binding 
site of an actin filament, which are typically Ax = 10 nm apart. In this state the 
cross bridge can hydrolyze ATP to ADR Inorganic phosphate atoms, labeled Pi, 



Table 3.1. Cross bridge rowing cycle 



stroke 


muscle 


rower in rowboat 


a 


power stroke: release ADP, myosin 
head rotates moving through 
Ax = 10 nm, generating the force 
F = 3 • 10““ N 


rower pulls oars rearward through 
water and pushes boat forward. 


b 


attach ATP, detach myosin head 


lift oars out of water 


c 


hydrolyze ATP, and bend back, 
activating the myosin 


bring oars forward 


d 


Release Pi, myosin attaches to actin 


dip oars into water 
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myosin filament 




power stroke: release ADP, 
myosin "head" rotates and 
moves actin about 10nm 



1 (d) 

release Pi 
cross bridge head binds to 
new actin binding site 



(d) 



Ax = 10 nm 




Qin=6-10;“J 
work = 3'10-“j 

(c) -i- ^ 

Q„„,= 3-10-2'>J 



F=3-10-'^N 



10 nm 




I actin 



(b) 
position 



attach ATP, detach 
cross bridge head 



(b),/ 



Ax=10 nm 



hydralize ATP and straighten 
cross bridge head 



(C) 



myosin filament 



binding 

ii cj o CJ CJ 

I actin I 



Fig. 3.7. Illustration of cross-bridge “rowing cycle”. During the power stroke (a), the myosin 
moves Ate » 10 nm relative to the actin with a force of F = 3 • 10”“ N per cross bridge. The 
other stations in the cycle are explained in Table 3.1 



which remain bound to the protein in this process, activate the cross bridge so that 
it can bind to a site in the actin. 

When binding takes place the phosphate is released. With the release of the 
ADP from the myosin the cross bridge structure is altered in some unknown way 
to cause a large scale change in shape. This shape change rotates the cross bridge 
head, and generates a force of • io“^^N that moves the actin by Ax = 10 nm rel- 
ative to the myosin filament.^ Then the myosin head binds another ATP and this 
allows the cross bridge head to detach from the actin filament. Thus a new cycle 
can begin. In this next cycle the cross bridge will attach to the next binding site on 
the actin filament. 

Each cycle therefore moves the actin relative to the myosin by the distance Ax. 
Because of the bipolar arrangement of the sarcomere, the two z-bands move to- 
gether in a coordinated fashion, shortening the whole sarcomere by 2 Ax = 20 nm. 
There are about 3- lo^ sarcomers per meter. 

Since the sarcomeres are arranged in series along the muscle filament the si- 
multaneous shortening of many sarcomeres yields a significant length reduction 
of the whole muscle. Consider the shortening of a muscle of L = 0.1 m length. Thus 
10 steps of Ax = 10 nm at each end of a sarcomere reduces its length by 200 nm = 
0.2 pm. When summed up over the 5 • lo^ sarcomeres of this muscle, the whole 
muscle cell changes its length by 10 mm. The cross bridge cycle may be compared 
to a rowing cycle with the strokes a, b c, and d described in Table 3.1 and Fig. 3.7. 



Strick et al. [2001] quote • 10 '^N, and Ax= 11 nm. 
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3.2.4 Muscle Efficiency 



The muscle converts ATP and water into ADP according to ATP+ Hp = ADP + Pi 
+ AQ, with the heat of reaction AQ = A/z = 6 ro“^°}/reaction (namely about 
38 kj/mol). The process generates the force io“^^N per cross bridge, where 
the cross-bridge head pushes the actin section by a distance of Ax = 10 nm. This 
represents the work VP=fJAx = 3- ro“^^ N • ro“*m = 3 • 10““}. The difference AQ- 
W ~6 - 10“^°} - 3 • ro““J = 3 • ro“^°J must be carried off as heat. The efficiency of 
generating mechanical energy is then 

t?ATP= WAQ = 50% . (3.2) 

In order to obtain the overall efficiency of the muscle one must include the 
metabolic process where glucose and oxygen burned in order to convert ADP and 
Pi into the muscle fuel ATP. If this process has an energy efficiency of about 
50%, then the overall efficiency of generating work from glucose is rj =T]j^^p • 

-0-5 • 0.5 =25%. The force - generating - muscle cycles may be compared to 
Carnot cycles of thermodynamic engines, which have typical efficiencies of 
rj ~ 20 to 30%. 

If a muscle generates a force of P^= 3 - ro“'^N per cross bridge, and the muscle 
produces the stress force 

p=2-io5N/m^ (3.3) 

there must be n = 2-ro5N/mV3-io“'^N = 6.7-ro'® cross bridges/m^. The muscle 
stress force has the same dimension as pressure, however the muscle pulls like a 
rope, whereas pressure pushes. 

When a muscle of length L, area A and mass m=pAL contracts through the 
distance AL in the time interval Af, it shortens at the velocity u=ALlAt=a At. The 
muscle force F=fA creates an acceleration a~Flm ~Aflm=flpL that depends on 
the muscle mass m=ALp. To compare different muscles one uses the normalized 
contraction velocity v = ulL = ALILAt = elAt. The muscle stress /=F/A has its 
maximum value for very slow contraction speeds. The stress/decreases with in- 



Fjn from O2 
consumption 




contraction velocity 



0.2 l/n 



Fig. 3.8. Muscle contraction velocity and power, and efficiency 
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creasing contraction velocity, see Fig. 3.8. All muscles have a maximum contrac- 
tion velocity, called the intrinsic muscle velocity v^= Sg/Af at which/drops to zero, 
and a characteristic contraction time At^=ejv^. This “no load” contraction time 
Af^ yields a limit for maximum muscle-end-speed u^: 



p V„ L V„ L 



1 



(34) 



Equation (3.4) implies that short muscles (small L) contract faster that long ones. 
Typically muscles operate with strain ratios ALIL = £^~io%. Taking f^=2- 
lO^N/m^ the contraction constant becomes C=20 mVs^ Humming birds with 
muscled lengths L~o.oi m achieve intrinsic muscle velocities ^,-25 s“l This 
yields top muscle-end speeds of 20/(25 • 0.01) = 80 m/s. In contrast humans, 
with yj~3 s“h and a typical muscle length L ~ 0.15 m only reach u^=o.45 m/s. The 
muscle power output P = E • v is largest at a typical contraction velocity 0.3 v^. 
The metabolic power input which may be determined from the oxygen con- 
sumption, rises with the muscle velocity. Therefore, the power efficiency t] = PIP„^ 
peaks with r\ ~ 25% at an intrinsic velocity which is smaller than v^. 



3.2.5 Cold and Warm Muscles 



Generally the life functions proceed faster at elevated temperatures. This can be 
quantitatively seen from measurements of the muscle contraction velocity at dif- 
ferent temperatures [ Wakeling andjohnstone 1998] . At a temperature of T= 20°C a 
fish muscle produces typically P = i43 W/kg. A comparison was made of the be- 
havior of Arctic fish, temperate fish, and tropical fish. The peak contraction veloc- 
ity is shown as function of temperature in Fig. 3.9 a. 

Cold muscles contract much slower than warm muscles. The contraction ve- 
locity is a function of temperature within one species. Fig. 3.9 a. However, a com- 
parison of the muscle performance of Antarctic, temperate, and tropical fish shows 
that all of them essentially reach the same stress /=2- lO^N/m^, Fig. 3.8b. Since 
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Fig. 3.9. Comparison of tropical, temperate and antarctic fish, (a) Contraction velocity, 
(b) muscle stress, (c) muscle power 
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cold muscles contract more slowly the specific muscle power p^=PIM=vfl p of 
Antarctic fish is much smaller than the power generation of tropical fish, Fig. 3.8 c. 
Since warm muscles have a much higher power output than cold muscles, there 
could be a strong incentive for animals to operate at an elevated, constant body 
temperature. Here one sees a physical reason for animals to become warm-blood- 
ed (homeotherm), with all its consequences, as described in Chap. 2. 



3.2.6 Muscle Connections 

In order to generate the motion of limbs or inner organs muscle force is transmit- 
ted through tendons (collagen) to other parts of the body. Tendons are generally 
over designed so that they safely hold excess forces. A typical tendon tensile 
strength is about 2 • 10* N/m^. 




Tendons are elastic, they stretch under load, like springs or very stiff rubber 
bands. Tendons have a complicated structure. Fig. 3.10. They are composed of 
bundles, called/asd/es, that contain many fibrils. These are composed of tropocol- 
lagen molecules, which are bundled into micro fibrils, which in turn are collected 
into subfibrils. 

Elastic forces play an important role for the body design and locomotion of an- 
imals. Elastic members can store elastic potential energy. Animals use tendons to 
store some energy during certain phases of periodic motion processes (running, 
swimming, flying) and recover this energy in other phases in order to reduce the 
total energy cost of locomotion. Some of the biological materials rival the strength 
of technical materials (see Table 3.3). 



3.3 Static Forces That Animals May Encounter 

Forces determine the posture, shape, and motion of animals. There are many dif- 
ferent forces, some of them are always there, like gravity, electrostatic forces, pres- 
sure, buoyancy, and surface tension. Other forces, like elastic tension or compres- 
sion, appear only when objects are distorted. A third important group of forces 
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Table 3.2. Static forces 



name of force 


equation 


parameters 


muscle force 


fo“2- lo 5 N/m^F^=/^A 


A 


muscle cross section area in m^ 


gravity 




M 


mass in kg, g = 9.81 m/s^ 


pressure 


II 


P 


pressure in N/m^, A area in m^, 




in tbe ocean p=pgy 


y 


depth in m, p density in kg/m^ 


buoyancy 


^bu=(Pw-p)^g 


Pw 


water density, Y volume in m 3 


elastic 


A: Al, tension T 


k 


spring constant N/m 




stress (7 = T/A= Y AL/L 


AL 


elongation m, TYoung’s modulus 


capillary 


P:ap= rids 


y 

jds 


surface tension of fluid N/m 
total length of surface line m 


electrostatic 




£ 


electric charge, in coulomb C 
electric field in Volt/m 


static friction 




Ps 

N 


coefficient of static friction, 
normal force 



only come into existence when there is motion. These include the Bernoulli force, 
sliding friction, lift, various forms of drag, and centrifugal forces. These dynamic 
forces will be discussed in Sect. 3.4. 



3.3.1 Pressure 

Animals are always exposed to the force of gravity, which pulls every part of the 
body down, and they are subject to the pressure force exerted by the atmosphere 
onto every segment of surface area of the skin. The pressure at sea level is about 
p^=i atmosphere(atm) = 1.013 • lo^ N/m^. The total pressure force acting onto an 
area A is then 

(3-5) 

The palm of your hand has a surface area of typical Aj^= 8 cm • 10 cm = 0.008 m^. 

Therefore the air presses onto the palm of your hand with the force F =p^A = 
1.013 • 10^ N/m^- 0.008 nF= 810 N. However, one does not feel this force because 
the air pressure acts with equal force on the back of the hand, and the internal 
pressure in the tissue is also 1 atm. 

The pressure depends on the altitude. At sea level the pressure is equal to one 
atmosphere. At an elevation y above sea level the pressure is lower, under water it 
is higher. The pressure at a depth d, under water, arises from the weight of the wa- 
ter column and the air above the object p =p g d+p^. The weight of a water column 
with cross section A = 1 m^ is W=pgd. The resulting water pressure 

P„=^IA=psd (3-6) 



is called the hydrostatic pressure. 
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pressure 



Fig. 3.11. Pressure at various positions 

For instance the pressure at the depth d=i20 m due to the water column is 
p^=iooo kg/ m 3 - 9.81 m/s^- 120 m = i.2- 10® = 12 atm. The total pressure p at this 
depth is p^ plus the atmospheric pressure (latm) above the water: p„+i atm 
=13 atm. If the pressure varies on the surface the total force is found by adding up 
the forces section by section (integrating over the surface area) 



Figure 3.12 shows an example. A membrane curves under the load of water. For 
each surface area element AA on the membrane, one can calculate the weight force 
AW of the water column resting on it. The loads AW= AA p g d^, and AW^= A A pgd^ 
differ since the depths d^ and d^ are not the same: The pressure varies locally on 
the membrane. 

Hydrostatic pressure affects animals that live at great depths in the ocean, be- 
cause the pressure in the ocean increases by latm for every 10m of depth. Objects 
at 1000 m depth must hence be able to withstand a pressure of looatm. If the in- 
ternal pressure in an organism rises exactly as the external pressure grows there is 
no problem, and the skin of the animal does not have to be very strong. The actu- 
al load on the skin depends on the difference of pressures on the outside and the 
inside F={p^~ p^) A. When a fish with a swim bladder is brought up from a great 
depth to the surface the animal is suddenly decompressed. The swim bladder ex- 
pands rapidly, it “explodes”. 

On top of a mountain the pressure is smaller than at sea level, because the col- 
umn of air above a certain point is the smaller the higher the elevation h. The vari- 
ation of pressure with height is 




(3-7) 



surface-area 



p=p^e ch 



(3.8) 



The parameter C has the value C=p^g lp^= p g where p is the molecular weight 
in kg, is the density at ground level, and R^= 8.31 J/mole° is the gas constant. For 

T^= 273 K one has C = 1.27 • io“ 4 /m. 
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Fig. 3.12. Pressures and tensions in a membrane 



The pressure in a gas can be given as function of the number of molecules n per 
unit volume, and the temperature T measured in Kelvin, or as function of density, 
temperature, and molecular weight, or by the volume V and number of moles 
located in the volume, and the temperature 

p = nkgT, p = pRgT//t, or p=N^R^T/V (3.9) 

where kg= 1.38- io“^^J/K is Boltzmann’s constant. As the pressure decreases with al- 
titude so does the number n of molecules per m^. The air gets thinner, and the 
lungs of birds must work harder to extract the oxygen for the metabolism. 



3.3.2 Buoyancy 

objects that are partially or fully submerged experience a buoyancy force B relat- 
ed to the pressure distribution on their outside see Fig. 3.11. This force points up. It 
is the difference in weight of the object, W = p^Vg, and the weight p^Vg of the dis- 
placed water. 

B = P^Vg-pJg={p^-pJVg (3.10) 

The density of water depends on its temperature, see Fig. 2.19. Since water of 
4°C has the largest density, such cold water sinks to the bottom of the ocean. The 
deep sea water has the constant temperature of 4°C. An object with p^= p^ is neu- 
trally buoyant. It floats as if gravity did not exist. Therefore astronauts have train- 
ing sessions submerged in water tanks in order to learn to cope with zero gravity. 

What counts for the buoyancy force is the average density of an object. An air 
bubble adds volume without adding much mass. Fish tissue has an average densi- 
ty that is slightly larger than the density of water. Therefore fish would sink. 
Sharks compensate lack of buoyancy by their swimming activity. Many fish regu- 
late their average body density with the help of a swim bladder: an empty swim 
bladder reduces the volume thereby giving a fish its highest density, and the fish 
sinks. A full swim bladder gives the fish its lowest average density, the animal as- 
cends. To stay at a certain level the fish regulate the size of their swim bladder to 
the point where they are neutrally buoyant. A ship settles into the water to a depth 
where the weight of the displaced water is equal to the weight of the ship. 
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Buoyancy force acts on objects in the atmosphere as well. However, since the air 
density is so low compared to that of body tissue, no animal uses buoyancy to stay 
aloft. Remember p^= r ooo kg/m^, whereas kg/m^. The density p of a gas 

of molecular weight p maybe derived from the gas law 

P = PplRgT. ( 3 .rr) 

Only Zeppelins and balloons have managed to use this effect. They are filled 
with gases lighter than air: helium, hydrogen or hot air, and they need huge vol- 
umes to carry small payloads. The density scales as the pressure: The higher bal- 
loons get, the more volume they must have to support their weight with the buoy- 
ancy force. 



3.3.3 Elastic Forces 

All materials are elastic. Biological examples of elastic materials are tendons, spi- 
der webs, bladders, skin, bones, wood, and technical devices like springs, tygon 
tubing, rubber gloves, and tennis balls. 

The more the length L of an elastic material is changed either by stretching or 
compressing, the stronger it resists with an opposing force. The force, in tension T, 
or in compression C is shown as function of the length change AL in Fig. 3.r3. 
Within the linear regime the tension force T can be given as function of the spring 
constant k with the units N/m and the elongation AL, units m: 

T = kAL. (3.r2) 

For larger elongations the tension grows as TocAL^ or with a higher power in 
AL, until the object breaks apart when the breaking strength is reached. 

A tension T acting on cylindrical object of length L, and cross section area A 
generates the stress cr = T/A, and it causes the object to increase its length by a cer- 
tain amount AL. The relative elongation 8 = AL/L is called the strain. The elastici- 
ty of a material can be characterized by the modulus of elongation Y. Table 3.3 
shows Y for various biological and technical materials. Within a linear regime 
stress, strain, and modulus of elongation are related by 

a=T/A=YAL/L. (3.r3) 

By comparison of Eqs. (3.r2) and (3.13) the spring constant k can be related to 
the modulus of elongation and the dimensions A, and L, of the cylindrical elastic 
material: 



k=YAIL . 



(3-14) 
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Fig. 3.13. Elastic forces. Insert: expansion(e)-release(r) cycle of an imperfect elastic materi- 
al showing recoverable work, and energy lost as heat. See also Fig. 3.26 



Elastic forces can always be related to mechanical work W. The product T dL 
represents the work dW needed to stretch an elastic object by the infinitesimal 
distance dL. The total work needed to stretch the member by the distance AL^ is 

AL, j 

W= \TdL = -kAL]=- (3.15) 

J 2 2 AY 

o 

This work is shown as the area under the T{AL) curve (e) in the insert of 
Fig. ^.1’}. A perfect elastic medium releases all of this energy when the (strain) dis- 
placement is gradually removed. When the tension T is replaced by a compression 
force C Eq. (3.15) also holds for an elastic medium in compression. The stored en- 
ergy W grows with the square of the applied force. Note that soft elastic media 
with small Y can store more energy that hard ones (large Y) if both have the same 
breaking strength, and long springs of small area A can hold more energy than 
short, wide springs. 

If the material is not perfectly elastic only a smaller force (r) is recovered when 
the tension is released. Thus stretch (e) and release (r) define a loop enclosing an 
area labeled heat, see insert of Fig. 3.13. This area represents the loss of mechanical 
energy of an imperfect elastic material. Shock absorbers and spider webs are such 
imperfect elastic materials. The release of elastic potential energy is a dynamical 
process, which occurs in a certain time interval, see Sects. 5.1.7, and 5.3.5. 

The work of fracture is defined as the energy per unit area needed to break the 
material. It represents the area under the tension curve up to the breaking elonga- 
tion L* The atomic origin of these forces is briefly discussed in Sect. 3.5.5. The 
maximum tensile strength of steel and spider web is about equal at 2 • 10® N/m^, 
but the modulus of elongation of spider silk is lower by about a factor 100, and the 
energy to break silk is larger by a factor 10 than that of steel. 
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Table 3.3. Mechanical properties of biological and technical materials 



material 


max tensile 

strength 

io9N/m^ 


max com- 
pression 
io9N/m^ 


Y 

tension 

io'°N/m^ 


Young’s 

compression 

io^°N/m^ 


energy 
to break 
lo^J/m^ 


work of 
fracture 
J/m^ 


max 

AL/L 

% 


tendon(collagen) 0.15 




0.15 




7-5 




10 


bone 


0.16 


2.2 


2 


2 


4 


1700 


2 


arterial walls 


0.005 




10^3 to 10^'t 








100 


disc material 




0.01 


= 5-io“'t 








25 


soft cuticle 


0.02 


0 


10“3 








100 


hard cuticle 


0.1 


0.2 


1 


1 


4 


1500 


10 


teeth (enamel) 


0.05 


0.2 


2 


3 to 7 


0.5 




0.2 


spider web 


2 


0 (rope) 


0.3 




200 




40 


kevlar 


3.6 




13 




50 




3 


glass fiber 


2.5 




7 


7 


50 


10 


5 


bulk glass 


0.1 




7 




0.07 




0.01 


elastic (rubber) 


0.05 




10-4 


10-4 


= 100 




800 


steel (high tens.) 


1-5 


~i 


22 


22 


= 20 


= 105 


1 


concrete 


0.002 


0.17 




2.3 




3-40 




fused silica 


0.0048 


1.1 


7.2 











Example: The tendon in Fig. 3.4a is stretched slightly under the force T = 1000 N. 
How much will the tendon stretch under this load? The stretch AL can be found from 
(3.14). If the tendon has the diameter d = 4 mm, the length L = 30 mm, and the modu- 
lus of elongation T=i-5 • lO^N/m^. The amounts of stretch is AL = {T/A){L/Y) = 
(1000/71 0.002^) • (0.03/1.5 -io 9 ) = 0.16 mm. 

The Achilles tendons of kangaroos can store significant amounts of elastic en- 
ergy when the foot hits the ground, and release the energy subsequently to help 
propel the animal onto its next bounce. 

Both solids and gases have elastic properties. A rubber balls pumped up with 
air bounces. Likewise a swim bladder filled with air has quite good elastic proper- 
ties. The spring constant is easily found. Consider a cylinder of volume V=AL 
with a piston of area A, containing air. We want to calculate the force that holds the 
piston in place. The gas law (3.9) relates the pressure p and the volume V to the 
temperature T, nzmely pV=pAL = N^R^T. The force acting onto the piston 
F = pA = N^R T/L. The pressure, and hence the force F change when the length is 
changed. By clifferentiation with respect to L on finds AF = pA=- k^^-AL, where 
/Cgaj,=/7RgT/L^ is the spring constant of the gas. 

3.3.4 Electrostatic Force 

Electrostatic forces mainly act on the molecular level. They are very important for 
animals, because they provide the holding mechanism at the atomic level of mus- 
cles. Electrostatic forces bind the muscle cross bridge heads to the actin sites 
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thereby generating the fundamental muscle force per site = 3.10“^^ N. Electrosta- 
tic forces arise when electric charges q^, measured in Coulomb C, are located in 
electric fields E, measured in Volt per meter or Newton per Coulomb: 1 V/m = 
iN/C. 



F = %E (3.16) 

One electron has the charge qgi = e = i-6 • 10“'® C. Electrical fields that we en- 
counter in everyday life are small. For instance near a household wire one might 
find a field £= 10“^ V/m. A lightning bolt has about lO^N/C. However, the electro- 
static force is very important inside atoms. An electron in the hydrogen atom sees 
the field E =6 ■ 10^^ V/m. If the cross bridge head carries a single electron of 
e = 1.6 • io “^5 C and generates the force E^= 3 • 10“^^ N, it must see the field E = 3 • 
10“^^ N/1.6 • 10“^® C = 1.8 • 10^ V/m. This is much smaller than the field in the hy- 
drogen atom, but significantly larger than the field in a lightning bolt. The electric 
field decreases with the square of the distance r (similar as the gravitational field): 

£ = const q^/r^. (3-17) 

Atomic distances are very small, hence the electric fields in atoms are very 
large. Cell walls of tissue have a typical thickness of d = 10 nm. Living cells sepa- 
rate ions, so that a cell is typically charged to -70 mV. Therefore there is an elec- 
tric field across the cell wall of E= 0.07 V/io“*m = 7 ■ lo*’ V/m = 7 ■ 10® N/C. An elec- 
tron, which is sitting in a channel through the cell wall will experience the force 
E = q^£ = i.6- io“^®C- 7- io®N/C = i.i2- io“^^N. This is of the same order of mag- 
nitude as the cross bridge force in the muscle cycle. 



3.3.5 Capillary Forces, a Form of Surface Tension 

Surface tension is the force which allows water bugs to walk on top of a water sur- 
face, or which permits a needle to “float” on the water. The force arises from the 
difference of attraction between the fluid, the immersed solid and the air above it, 
which come together along a line. The force required to lift a needle (length L and 
mass m) off the water surface is 

E=Y^2L + mg. (3.18) 

Note that iL is the total length of the water line. The parameter }^, measured in 
N/m or in Nm/m^ (Joule/area), is the surface tension or surface energy per unit 
surface area, which depends on the temperature see Table 3.4. Water at room tem- 
perature has the surface tension 7^= 0.073 N/m. 

A water column will rise inside a capillary tube up to a height h where the 
weight is equal to the vertical component of the surface tension E cos 0 = W. Now 
enter the surface tension on the left side and the weight on the right side of this 
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Table 3.4. Viscosity and surface tension of various materials 



medium 


density p 
kg/m 3 


viscosity 77 
kg/sm 


kinematic viscosity 
V=l]/p m^/s 


surface tension 
N/m (contact with air) 


air 


1.29 


18 • lO"*^ 


16 • 10“'* 




water (at o°C) 


1000 






0.0756 


water (at 20°C) 


1000 


1.0 • 10“^ 


1.0 • 10“® 


0.073 


water (at 6o°C) 








0.0662 


water (ioo°C) 


958.4 




2.9 • io~r 


0.0589 


blood 




T 

0 

0 


=4.0 • 10“* 




engine oil 




200 • 10 ^ 


= 2.0 • 10“"^ 


0.032 


olive oil 








0.032 


soap solution 








0.025 



equation to get: • inrcos 0 =p{nr^h)g, which can be solved for the height h of 
the fluid in the capillary 



, 2r -cosd) 

h = — 

pgr 



(3-19) 



Capillary action is the force that lets a paper towel soak up a puddle of water. 
Capillary action is another transport process that requires no external energy in- 
put. The strongest capillary action is produced in “capillaries” with convex walls, 
that are formed between solid rods, see Fig. 3.14. Here the effective radius r be- 
comes very small. Capillary action lets water rise in the plants. Capillary forces lift 
fluids without any biological cost on the part of the organism. 




Fig. 3.14. (a) Surface tension, (b) capillary action in a tube and between solid rods 



For instance water in a capillary of r = 0.1 mm at maximum angle 0 = 0° or cos 0=1, 
will rise to the level h = (20 • 0.073 N/m-i)/(iooo kgm^^.p.sj ms~^-o.ooi m) = 0.149 m. 



3-3 Static Forces That Animals May Encounter 
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A whole range of animals, namely all the bugs and water spiders that “walk on 
water” make extensive use of surface tension. There is a whole new range of meas- 
ures and countermeasures to utilize or spoil this effect. Insects that want to walk 
on the water surface must stay below a certain size and it seems that this size lim- 
it has been reach by some species. 

3.3.6 The Maximum Size of Water Striders 

There is a maximum diameter for a simple object like a rod of length L and ra- 
dius r and density p that can be supported by surface tension. Assume that the rod 
is nearly fully submerged. Then the weight W is supported by surface tension S 
and by buoyancy B. The equilibrium condition is 

Mg = S + B = np r^Lg<2Ly + n p^r^Lg . (3.20) 

The length L can be canceled in every term, and the relation maybe solved for r 



For an organic object with p = 1 500 kg/m^ this maximum radius is r^= 2.9 mm. 
For a steel needle the minimum radius is about r^p= 0.75 mm. If a water strider 
rests on 4 forelegs of length L and radius r ^ 1 the surface tension force becomes 
S = 8Ly. The buoyancy force of 4 forelimbs that are nearly fully immersed, is 
B = 4pgnr^L and its equilibrium condition is W=Mg< 4 pnr^Lg+ 8 LY- We intro- 
duce the aspect ratio b=Llr to get W< 47tp^L^/h^g + 8Ly. This cubic equation 
could be used to derive the length of limbs needed to support an arbitrary body 
weight W. In the approximation that the buoyancy forces on the 4 limbs do not 
significantly contribute to the lift, one has the body design condition 



With I = 0.05 m, and y = 0.072 N/m the maximum body mass becomes 8 • 0.05 • 

0.072/10 = 0.0028 kg. 

3.3.7 Friction 

Friction arises when surfaces slide across each other. Smooth surfaces have little 
friction, rough surfaces have more friction. Lubrication hides some of the rough- 
ness. Animals could not walk or run without friction, and wheels could not accel- 
erate or stop cars and bicycles. 




(3.21) 



W =M g = 8Ly. 

max max & / 



max 



(3.22) 
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The static friction force depends on the static friction coefficient and the 
normal force F^=Mgcos 0. Friction prevents objects from sliding on inclined 
planes if the friction force 

Fst=FsPn ( 3 - 23 ) 

is equal to or larger than the tangential force F=Mg sin 0. Feet and wheels slide on 
wet and icy roads, because wet roads and icy patches have a much smaller friction 
coefficient than dry roads. Friction gradually wears down the contact surfaces. 
Tendons and muscles that are made to slide, must be housed within tissue that has 
very low friction coefficients, and that can be easily repaired to replace the wear 
and tear. 




Fig. 3.15. Static friction F^^=-Mg sin 0 



Once an object starts to slide the friction force gets smaller, because then the 
friction coefficient changes from to the smaller value called the dynamic fric- 
tion. The dynamic friction force is 

Fdy=Fd-Fn- ( 3 - 24 ) 



3.4 Dynamic Forces 

Static forces like gravity, pressure, and surface tension, are always there. Dynamic 
forces. Table 3.5, arise only when the momentum Mu of an object of mass M is 
changed. Such momentum change can happen in various ways. 

The velocity u could be altered in magnitude or direction. This acceleration 
could happen in a part of a body, like an arm that is swung in a circle above the 
head, or acceleration could occur in the fluid or air surrounding an object, there- 
by generating lift or drag forces. The mass M is changed for instance when a burst 
of fluid that is ejected by a squid. 
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Table 3.5. Dynamic forces 



name of force 


equation 


parameters 


sliding friction 


Psl = Msl^ 


Psl 


coefficient of sliding friction. 






N 


normal force 


Bernoulli force 


Ap = V2p{uf- u^} 


pressure difference at points 1 and 2 


centrifugal force 


F,,,,=MuVR 


M 


mass, u velocity of object. 






R 


path radius 


Stokes friction 






radius of sphere, rj viscosity 


for Re=pR^u/rj « 100 


(sphere) 


P 


density. Re Reynolds number. 


hyro drag. 


F^=^lxC^Apu^ 




hydro drag coefficient. 


for Re =pR^u/rj » 100 




A 


frontal cross section area 


skin friction. 


Psf = 'l2-C,fS^pu^ 


Csf 


skin friction coefficient. 


fast motion 


Sw 


wetted surface area 


ventilation drag 


p;,ent = const U* 


U 


velocity relative to fluid 


lift 


Fp= p 


Cl 


lift coefficient. 






S 


wing surface area 


Magnus effect 


const uXO) 


(0 


angular velocity vector of spin- 
ning object, X vector product sign 


thrust 


%= «e 'n’ 


“e 


ejection velocity of thrust, 
generating fluid. 






m' 


ejected mass flow rate kg/s 


electro-magnetic 


^el.magn=iX'S 


j 


current vector, Amp 




B 


magnetic field vector, tesla 



3.4.1 Bernoulli Force 

A fluid of density p flowing at some velocity u through a pipe has a local static 
pressure p and a dynamic pressure 0.5 p u^. The sum of both is a constant. There- 
fore one can relate the local pressures and p^ at different locations, 1, 2 to the lo- 
cal velocities and at those positions. 

p,+V2p-u^,=p,+V2p-ul (3.25) 

If the velocity goes up, the pressure must go down. This phenomenon is some- 
times called the Bernoulli effect. The fluid velocity changes when a flow is locally 
restricted. 

For instance if a pipe has a narrow section. Fig. 3.16 a or if a flow passes over an 
obstacle Fig. 3.16 b, the fluid will speed up. If the speed is known at two different 
locations, (1) and (2), one can derive the pressure difference Ap =p^~p^- 



-pi =k2p-u" -Vzp-ul 



(3.26) 



90 



3- Form and Forces 



(a) 

slow slow 

high low pressure high 

pressure fast pressure 




(b) 

slow slow 




Fig. 3.16. (a) Bernoulli effect: pressure reduction at the throat of a nozzle, (b) Pressure re- 
duction at the top of a hill 



Ap is negative if is larger than u^. This “under-pressure” will suck external 
fluid or objects into the flow field. Jet pumps work with this principle. Figure 3.16b 
could represent a barnacle in a water current or a molehill in a surface wind. The 
Bernoulli effect then provides some “free” ventilation for these animal structures. 
The Bernoulli effect also explains some of the lift force on animal wings. 



3.4.2 Centrifugal Force 

An object of mass M moving on an arc, of radius R at the (constant) speed u must 
change its the direction of travel continuously. This change of direction represents 
an acceleration directed towards the axis of rotation. Therefore, the force 

F=Mu^!R (3.27) 

must be applied in order to keep the object on its circular path. The reaction to 
this force is experienced as a centrifugal force. 

The centrifugal force is important for a monkey that swings by its arms from 
branch to branch. Large monkeys actually limit the maximum swing angle be- 
cause their finger muscles are not strong enough to hold on to a branch at the bot- 
tom of the swing. No mechanical energy is stored or converted into other forms by 
the centrifugal force, because the force is directed at right angle to the direction 
of motion. 



3.4.3 Drag 

An object moving at some velocity u relative to a fluid (liquid or gas) causes the 
fluid nearby to change its velocity due to the drag force Drag impedes the 
motion. Drag disappears when the motion stops. All drag forces can be under- 
stood within the framework of energy conversion. 
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Fig. 3 . 17 . Vortex street 



When the object is moving relative to a fluid (or gas) it “forces” segments of the 
fluid to “get going”. The object drags along fluid elements as they pass through a 
region close to the object. The closer the fluid passes to the object the more it is af- 
fected. If the object is stationary the fluid is slowed down. If the fluid is at rest the 
object drags the fluid along. This steady acceleration requires a constant energy 
input £ /As per meter of travel. £ /As is the drag force 

The consumed mechanical power can be written as f^ech“^drag' 
pending on which segment of the fluid is accelerated one distinguishes skin fric- 
tion £^^ hydrodynamic drag £j^, wave drag p^, and ventilation drag All these 
forces have their own characteristic functional dependence on the geometry of 
the body and its velocity u relative to the fluid. 

If the flow velocity is slow enough so that the flow is laminar, the drag force is 
a linear function of the velocity. ' “• Laminar flow is found when 

the Reynolds number Re = Dulv = pD ulrj is smaller than about 100. D is a typical 
lateral dimension of the object. The kinematic viscosity v, and the dynamic vis- 
cosity T] are related as V = q /p. Values are given in Table 3.4 The laminar drag force 
^Stokes acting onto a sphere of radius R^= Dl2 is known as the Stokes friction 

^Stokes=67I-Rfl“- (3-28) 

This friction force can be neglected in flows where the Reynolds number is 
larger than about 100. Then the object experiences hydrodynamic drag £j^, which 
is related to the appearance of a vortex street trailing the object, Fig. 3.17. The hy- 
drodynamic drag grows with the frontal surface area A and square of the velocity 

L'h= y^C^Apu^. (3.29) 

The drag coefficient is shown as a function of the Reynolds number Re in 
Fig. 3.18. 

The hydro drag arises because the fast moving object generates numerous and 
sizable eddies, or vortices in its wake. They are shed at the Strouhal frequency 
St • uID. The Strouhal number St is a dimensionless parameter, which depends 
on Cp, and the Reynolds number of the flow, and has numerical values in the range 
0.12 < St <0.23. For Re >10"* the relation St = o.077(Cj,-Fi)/Cjj can be derived 
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1 Re 100 1000 lo"^ 10^ 10® 10^ 

Fig. 3.18. Drag coefficients for cylinder and spheres as function of Reynolds number 



[Ahlborn et al. 2002c]. Hydro drag is the principal resistance that fast running an- 
imals must overcome. 

Hydro drag becomes negligible at small velocities, but a different type of drag 
is present at all speeds: Skin friction Fluid molecules attach themselves to the 
whole surface of a moving body and travel at the same speed u. Far away from the 
body the fluid does not move at all. In a thin “boundary” layer hi, Fig. 3.19, the rel- 
ative velocity between the free flow and the body changes steadily from the far 
field velocity to the body velocity. 




The boundary layer region travels along with the body somewhat like an open 
cage, and continuously accelerates the stream of fluid which passes though it. This 
process requires a force, the skin friction The boundary layer encloses the 
whole body, thus F^^ depends on the wetted surface area S. Since energy is con- 
sumed in accelerating the boundary layer flow F^^ depends on the square of the ve- 
locity u of the object. Formally one writes 
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F^f = {1/2) SC^fpu^. (3.30) 

The skin friction coefficient Cs depends on the small-scale structure of flow in 
the boundary layer. Slimy fish like Chinook salmon, and sharks with their micro 
roof-tile structure appear to have smaller skin friction. One may lump the skin 
friction and hydro drag together into a compound drag coefficient, C^j^. This pa- 
rameter has a minimum value if the width to length aspect ratio DIL falls in the 
range 0.1 < D/L < 0.4. 



3.4.4 The Minimum Compound Drag 

Animals swimming well below the surface encounter hydrodynamic drag F^, 
which depends on the frontal cross section area A = 7tk^=7tDV4, and the skin fric- 
tion drag F^p which scales with the total surface area S~AL. These two quantities 
must be added to obtain the compound drag F^p = F^+F^^. An animal swimming at 
the velocity u must expend the mechanical power P=F^^u. When the drag force is 
small, the power required to swim at a certain speed is also small. 




Animals rarely miss an opportunity to minimize their operating expenses. Fish 
of the diameter to length aspect ratio X= DIL -0.25 experience minimum total 
drag [see for instance McMahon and Bonner 1983]. 

Consider fast swimmers of identical mass with different aspect ratios. A fish 
with spherical form with D/L = i has the frontal cross section area A = 7t(D/2)^ and 
the smallest possible surface area S = 471(0/2)^ so that it has the smallest possible 
skin friction. A long and slender fish has a larger surface area S and a much small- 
er frontal cross section A. Therefore the slender fish will have a small hydro drag 
but a larger skin friction. The skin friction drops and the hydro drag rises with as- 
pect ratio X. Therefore the sum of both components, F^p = F^+F^, must have a min- 
imum. 

This minimum can be derived analytically [Ahlborn et al. 2001]. The hydrody- 
namic drag is Fj^= (i/8)Cp7tD^pu^ for an object with the frontal area A = 7tDV4. A 
smooth cylindrical object moving through water has a typical value Cp = 0.03. For 
a cylindrical object the drag can be given as function of the total volume 
V=n(Dl4yL, and the aspect ratio X=DIL. Between these two equations one can 
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Fig. 3.21. Data of velocity u, symbol A, and aspect ratio X, symbol x, as function of body 
mass, and model prediction (3.34) 



express the diameter D = {4lny^^V^^^X}^^, and the length L = (4/71)^^^ 2/3 

function of X and L. Therefore Eq. (3.30) can be rewritten as 

F^=C^V^I^X^I^U^. (3.31) 

The constant includes the drag coefficient and the density of water 
p=ioookg/m 3 , leading to the numerical value Cj=o.5Cp(7t/4)^^3p„ig_ Equa- 
tion (3.31) shows that the hydrodynamic drag of a fully submerged vehicle in- 
creases with the aspect ratio to the power X^^\ Large aspect ratios lead to large hy- 
dro drag forces. 

The skin friction force can also be expressed as function of X and V, namely^ 

E^ = o. 37 ( 7 t/ 6 )p £>^4/5 [79/5= 12.22 73/5 [79/5 _ (3.32) 

The skin friction force scales with large aspect ratios imply small skin 
friction forces. The total friction force is the sum of skin friction and hydro drag. 

This quantity has a minimum at a certain aspect ratio which can 
be found as follows: First the volume V=Mlp is replaced by the mass M, and the 
density p. Then the minimum aspect ratio is found by differentiation of 

(X)=f^-FElj. The result is Xj^,= o.i4 y-3/i3_ yhe velocity of aquatic animals 



3 The skin friction can be thought of as the work needed to accelerate all the new fluid el- 
ements that continuously get entrained in the boundary layer, thickness 5 (L). If this 
process requires the energy per second P, then the swimmer must overcome the skin 
friction force so that F^-u=P, or F^=P/u. 
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increases continuously with mass. On average big fish swim faster than small 
ones, see Sect. 6.2.r. Empirical data suggest a relation 

u=o.5M°-^®. (3.33) 

It can be used to eliminate u from so that the aspect ratio becomes ^^^=0.14 
-1/13 (0.5 M°-^*)“ 3 /i 3 /vyhen the mass functions are contracted one has: 

X^=osM~°-^^. (3.34) 

This model predicts that the aspect ratio of minimum drag should decrease with 
body mass. Figure 3.2r shows some aspect ratios of aquatic animals as function of 
their body mass extracted from the literature. Indeed large fast swimmers are 
more slender than the small ones. 



3.4.5 Ventilation Drag 

Animals which swim on the surface experience ventilation drag in addition to 
hydro drag and skin friction. Ventilation drag arises because the water piles up on 
the front side and “ventilates” on the rear side, depressing the water surface by the 
distance and exposing the rear of the swimming object to air pressure. 
Fig. 3.22a. Then the hydrostatic pressure on front and back is not balanced. 




The ventilation drag force arises from the difference of pressures on the back 
and the front surface. It can be shown [Blevin 1984] that the ventilation depth 
scales with the velocity u as h^= const u^. The ventilation drag force scales as the 
exposed area multiplied with p ul The exposed area IV is a function of 
the width IV of the protruding body part times the ventilation depth h^Thus the 
ventilation drag force F^ grows with the 4* power of u 

Fy= const u 4 . (3.35) 

Animals try to avoid this drag by swimming fully submerged. However if they 
swim close to the surface they experience wave drag. This force is connected to the 
acceleration of some volume elements of water located between the body and the 
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surface. These water segments must pass above the body at increased speed, in or- 
der to squeeze through the narrow channel, between water surface and body. 
Fig. 3.22b. The acceleration requires extra work that appears as an additional drag 
component. The wave resistance therefore increases as the swimmer gets closer to 
the surface. The effect becomes important if the immersion depth h is smaller 
than about 5 body diameters, see problem 3.7 for experimental data. 



3.4.6 Lift Force 

Flat or profiled surfaces in a steady flow generate lift F^. This force can be 
expressed as function of the “supporting” surface area of the wings S and the lift 
coefficient C^. 

F^= {1/2) C^Spu^ (3.36) 

The lift coefficient grows with the angle of attack Fig. 3.23a. However, if j 3 gets 
too large the flow separates from the upper edge of the wing, and the lift disap- 
pears. This phenomenon is called stalling. 

(b) 



Fig. 3.23. (a) Lift coefficient of air foil as function of the angle of attack P, (b) Frontal sur- 
face area A, lifting surface S, of a flat plate mounted at an angle of attack P 

Even a cylindrical appendage of diameter D generates lift. However, this lift 
force is non-steady. It changes its direction approximately as 

^L,ns“-pLoSin27t/f, (3-37) 

where the amplitude F^^ is of the same order as the drag force acting on the 
cylinder. The force points to the side where the latest eddy is produced. The fre- 
quency of this motion, the Strouhal frequency, is connected to the Strouhal 
number St. 





fst= St • w/D 



(3-38) 
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D/St can be interpreted as the wavelength of the vortex street. Whenever a vor- 
tex is shed on one side the lift force pulls in that direction. Insects and very small 
birds exploit this non-steady lift. They move their wings until one vortex is shed 
on the upper edge, then reverse the direction of wing motion and shed another 
eddy on the other edge. 

Both lift and drag depend on the density of the fluid, which decreases with al- 
titude. Therefore, runners have an easier time to push their bodies though the air 
at high altitudes, but birds have less lift high up in the air. More details about lift 
will be discussed in the Sect. 6.5 on flight. 



3.4.7 Magnus Effect 

Spinning and moving invokes the Magnus effect. A ball that spins at an angular ve- 
locity CO while flying through the air at the velocity u experiences the Magnus ef- 
fect, which acts like a lift force fy at right angle to both, the velocity u, and the axis 
of rotation (angular velocity vector co). The Magnus force can be symbolically 
written as the vector product iy= const Uxco. 



3.4.8 Jet Thrust Force 

Many aquatic animals, like squid, nautilus, clams, jelly fish, propel themselves by 
expelling a jet of water, density p^, at the mass flow rate J. The average outflow ve- 
locity u m/s can be found if J kg/s, and the nozzle area Am^ of the thruster are 
known. 

u=JI{p^A) (3.39) 

The jet thrust force is the product of velocity and mass flow rate: 

F^^=Ju=p/p^A. (3.40) 



3.5 Simple Body Forms from Skin Bags to Bones 

The first larger animals probably floated in the oceans, neutrally buoyant. Very 
simple animals in the ocean do not need much supporting structure. They can be 
designed like jellyfish, which can weigh up to a ton, and exhibit graceful forms as 
they float around. A jellyfish that is lifted out of the water loses all its form, and 
when left on the beach dries up into a thin membrane. Animals on the land need 
first a tough skin to avoid loss of body fluid and second a structure to support 
their body. 
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We now like to find out how the body forms of animals on the land and in the 
water might have evolved, making use of the physical opportunities that exist in 
the fields of statics, and material strengths. Evolution produced terrestrial organ- 
isms with large bodies that can move swiftly. Large bodies require strong con- 
struction elements. Then it is of advantage to use materials with high strengths, 
both in tension and in compression. Right from the beginning one should be 
aware that materials are generally stronger in compression than in tension. This 
leads to the invention of hard shells, and bones. 



3.5.1 Animals Without Bones - Giant Caterpillars? 

Big size is an advantage for an animal provided there is enough food. Large ani- 
mals have fewer enemies, they can cover a larger area to find food, and they can 
move swifter. But do animals have to have a complicated body design? Why not 
use the body plan of a caterpillar? How high could a caterpillar reach up on its rear 
end? 

Consider a model animal that consists of a fluid interior held together by a soft 
cuticle with the tensile yield strength Y. The compression strength is provided by 
the pressure in the fluid, the tensile strength comes from the skin alone. We like to 
find out how large such an animal could possibly be. 

The weight of the “water” column of height L generates a hydrostatic pressure 
p = pgL at the base of the neck that must be contained by the tensile forces 
T=ArALain the skin. The quantities Ar and AL are defined in Fig. 3.24, cr is he 
stress in the skin tissue. From the balance of force in the section shown on the 
right of Fig. 3.24 a one finds 

2nr AL (7 = 2r AL p = 2r AL pgL , or cr = pgL (r/Ar) . (341) 

The stress cr must be smaller than the maximum yield strength y=io^N/m^ of 
the skin tissues. Assume Ar/r = 0.1, p = 1 000 kg/m^, g = ro m/s^. This leads to 

L < T(Ar/pgr) = 100 m . (342) 




Fig. 3.24. (a) Caterpillar rearing up, (b) Animal leaning forward 
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Obviously caterpillars never reach this length, and therefore they are in no dan- 
ger of “bursting” out of their seams at the bottom of their long neck when they 
rear up. However a similar height limit might affect tall plants. There must be oth- 
er effects that limit the size of caterpillars. Much larger pressure forces are en- 
countered if the caterpillar leans forward. 

Treat the caterpillar as a cylindrical pipe of radius r and length L, filled with wa- 
ter, Fig. 3.24b. Consider moments about the point C at the base of the neck. The 
moment of the weight force mg of the neck about C with the moment arm LI 2 is 
balanced by the moment of the muscle force T acting on the moment arm r. 



Tr ~f^2nr{Arl6) r= mg(L/2) = nr^Lpg (L/2) 



(343) 



The tension T=Af^ is found by multiplying the muscle section area A by the 
specific force per unit area 200,000 N/m^. If there are 6 muscles around the cir- 
cumference 27 tr in the caterpillar the area is approximately A= 27 t rAr/6, Fig. 3.24d. 
Then one has T~ 27 tr(Ar/ 6 )- 2 • lO^N/m^. We assume a maximum muscle thick- 
ness Ar = 0.3 r and solve (3.41) for the maximum supportable length L 



fo 



^^2 Ar r 
~ 3 r L p-g 



(344) 



For an aspect ratio rlL~ 1/10 Eq. (3.42) yields a length of L = 0.4 m. If the mus- 
cle had a thickness Ar of less than 0.3 r the maximum length would be even small- 
er. Obviously skin which supports tension and internal pressure that supports 
compression are not the best construction elements to build big bodies. 

The radius r should be increased in order to hold up a heavy head or other ap- 
pendages. The body mass goes up with r^, but the muscle strength increases only 
with rL The animal would have to be rather bulky. Furthermore the caterpillar re- 
lies mainly on tensile forces. These are not nature’s strongest forces. Material in 
compression can withstand higher loads. There is hence an incentive to invent 
structural elements that are used in compression: Bones. 

Apart from the static requirements of large animals, they must also be con- 
cerned with the dynamics of motion. To move swiftly they have to speed up and 
slow down appendages, like legs, flippers, and wings. If an animal wants to impart 
an acceleration a to a limb of mass m, then by Newton’s law a force F = m a is re- 
quired to move the limb. This force needs only to be small if the mass of the limb 
is small mass. One can see that small animals with light limbs have a certain ad- 
vantage. This reinforces the earlier conclusion when it was shown that the specif- 
ic muscle power of an animal decreases with the body mass as 

const Small animals have more power, pound for pound, and they 
also need less force. In many respects small is beautiful. 
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3.5.2 Elephant Trunks and Octopus Arms 

Before leaving the subject of simple skin-bag body designs one should acknowl- 
edge that some animals have developed structures bases on the design of a cater- 
pillar: octopus arms and elephant trunks are examples. These are flexible and 
strong construction elements. 

Such structures maybe more easily replaced than appendages that have inter- 
nal bones. Octopus often re-grows one of their arms, after a predator attack. Of 
course octopus lives in the water. Its body is about neutrally buoyant; it needs no 
muscle forces to hold up its arms. 
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Fig. 3.25. (a) Contraction of radial muscle increases the length, (b) contraction of axial 
muscle increases the diameter, (c) Muscles oriented in diagonal pattern at angle 0, (d) mus- 
cle element 



A cylindrical section can be moved with the help of radial and axial muscles, 
see Fig. 3.25 a, b. The volume of a cylindrical structure is V=nr^L. In order to see 
how radius and length are coupled, one can take the logarithm of the volume rela- 
tion and differentiate dVIV=2drlr+dLIL. If the volume must remain constant 
one has 



dL = dr. (345) 

r 

The length increases if the radius is contracted by a radial muscle. If there are 
several muscles in axial direction the structure bends towards the side where an 
axial muscle is contracted. 
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3.5.3 The Spiral Structure of Filaments in Nematodes 

Small worms use the tensile forces of their muscle to move around. Lacking bones, 
they employ the incompressibility of their body fluids as a building element that 
can transmit forces in compression. 

The 1 mm long soil nematode, Caenorhabditis elegans, has an elegant way of 
using only two sets of spiral muscles to move forwards and twist and turn [Harris, 
and Crofton 1957]. The contraction of a single muscle in the axial direction would 
only allow it to increase the diameter, but would not help to push the front end for- 
ward. A single muscle in radial direction would push the ends out to increase the 
length, but would not allow it to change the lengths of the structure. 

A spirally wound muscle might achieve both in combination with the elasticity 
of the skin. The contraction of both axial, and radial muscles changes the volume 
except for one particular angle, which is found as follows: a volume element AV of 
the animal. Fig. 3.23 d, can be expressed as function of the length a of each diago- 
nal muscle segment Ay= 7 tr^A/ = 7 t(a sin0)^a cos 0. One can find out how the vol- 
ume changes when the angle is varied by taking the derivative d ~ Vld0. No 
change of volume occurs if this derivative is zero. This condition leads to 

(sin 0)^ = 2(cos 0)^. (346) 

This equation is solved by (tan 0)^ = 2. The numerical value is tan 0 = ^2 or 
0=55°. For larger angles the volume would decrease when the muscles contract. 
The observed angles of the muscle filaments of Caenorhabditis elegans are 65° < 0 
< 75°. This angle implies that the internal pressure is increased upon muscle con- 
traction, and body fibers are stretched. These two effects amount to a strong 
restoring reaction, that helps the animal to get back into the relaxed body state. 



3.5.4 Hard Shell Critters 

Animals that consist only of skin and soft tissue, have limitations in size and mo- 
bility. One possible way to overcome these limitations is to evolve a rigid outer 
shell. Nature has produced an immense variety of insects with hard shells, but 
only very few large animals like clams, snails, nautilus, and crabs. These big ani- 
mals are generally sluggish. One of the construction problems appears to be the 
design of flexible hollow joints through which body fluids can be transported. 

The insects, on the other hand have stayed small. But these animals are re- 
markably successful in many respects. At home on land in water and air they have 
acquired sophisticated senses, and have even developed social systems. 



102 3 - Form and Forces 

3.5.5 The Invention of Bones 



Bones were invented because materials are stronger in compression than in ten- 
sion. Think of the force needed to pull a cotton ball apart, and compare that to the 
weight that you can safely place onto a cotton ball. The strength of the materials 
comes from the intermolecular forces in the tissue and the bones. 




Fig. 3.26. Potential energy (a), and force (b) between two atoms, (c) Stress strain relation of 
a “macroscopic” object. Spring constant k^= dF/dL 



These forces may be understood on the molecular level. Think of a molecule 
consisting of two atoms. They are separated by the distance r^, and connected by 
an ionic (chemical) bond. When they are compressed they will repel each other. 
The repulsive force, shown in Fig. 3.26a, grows rapidly as the distance gets small- 
er. When the atoms are pulled apart, an attractive force comes into play. This force 
first grows, but then it declines. The net force F namely the sum of the attractive 
and repulsive forces, is F= 0 at the distance r^. A similar representation of the bind- 
ing force can be obtained from the potential energy curve U{r) shown in 
Fig. 3.26b, F=-{dUldr) is the negative slope of the curve U{r), Fig. 3.26c. Over a 
distance range where this slope is constant, the force F=k^Ar is equivalent to the 
elastic force of a macroscopic object with a (linear) spring constant k^, or a mod- 
ulus of compression or elongation Y. 

When no external force is applied one particle sits at the “bottom of the poten- 
tial well”. Fig. 3.26b. In order to increase the distance r between the particles one 
must invest energy E = jFdr. To completely separate both particles one must pro- 
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vide the dissociation energy D. For r < the slope is negative, the force is repulsive 
(supporting compression), and for r > the slope is positive, the force is attractive 
(supporting tension). It is easy to see that the slope is steeper for the compression 
side r<r^ then for the tension side r>r„. Thus compression forces are larger than 
tension forces. This is the atomic origin for the effect that structural elements are 
stronger in compression than in tension. Table 3.3 shows elastic constants of ma- 
terials. Note that the energy to break steel and spider web are of the same order of 
magnitude. Obviously early animals recognized this physical fact and invented 
body elements that could support compression; bones and hard shells. 



Animals with bones and tendons can build quite complicated bodies that are 
strong, mobile, but not too heavy. The laws of mechanics help them in their vari- 
ous tasks. It starts with the ingestion of food, which may require strong teeth to 
tear up the prey. Forces can be amplified by levers, and by lateral pull on flexible 
components. Bodies parts maybe build like trusses or suspension bridges, where 
forces are kept as small as possible, or force amplification principles are applied. 
Often elastic elements are incorporated to counteract gravity, or to store energy 
temporarily. 

3.6.1 Chewing: Pressure Amplification and Lethal Bananas 

The most fundamental motion of animals is the motion associated with ingesting 
food. Plant eaters only need chewing actions that break off tender leaves or fruit, 
and then squash it so that the stomach juices can get at all the edible material. 
Meat eaters first must kill their prey, then open up the carcass, rip off the meat, and 
possibly even crack bones open to access the nutritious marrow or brain. Meat 
eaters need strong jaws and powerful chewing muscles. 

Jaws are hinged structures that can act like levers. Suppose a chewing muscle 
generates the force F, and this force is applied at a distance from the hinge, see 
Fig. 3.27. The muscle generates the torque 



If an object is placed between the back teeth, an equal and opposite torque t^=F 
is generated. The force acting at position 1 is therefore 



The force at a point closer to the jaw hinge is magnified by the factor djd^. The 
teeth at the tip of the mouth, which are farther away from the hinge than the chew- 
ing muscle exert a smaller force, F^ = F {djdj. 
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(347) 



F = F{dJd). 



(348) 
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Table 3.6. Biting forces of animals in N. Values are adopted from Padian [1999] 

T-rex alligator lion orangutans dusky shark wolf human Labrador dog 

>13000 13000 4200 1700 1040 1300 600 580 



Chewing muscle are laid out to produce large forces. Table 3.6 shows biting 
forces in Newtons. The biting force of Tyrannosaurus Rex was estimated from the 
biting marks left by T-rex on the bones of its prey, and generating similarly deep 
indentations on cow pelvis bones. Incisor teeth are generally pointed, like T-rex’s 
awe inspiring “lethal bananas” as Padian terms it. This shape produces another 
mechanical advantage. The predator must puncture or cut open the skin of his 
prey. This requires some minimum pressure. The predator exerts a certain force F 
at the location of a tooth. The pressure at the root of the tooth, p= FIA^, depends 
on the impact surface area A^. 




The force F acting onto the food, is the same as the force at the root of the tooth. 
However, the tip of the tooth has a much smaller surface area, A^ than the base 
area A^. Hence the pressure is amplified by the ratio of the surface areas 

p^={AJA^)p^. (3.49) 

A similar force amplification can be generated with tendons. Fig. 3.28a. A 
string is stretched between two fixed points with some tension T. If a lateral force 
F is applied for instance at the midpoint, the string is laterally deflected as shown. 
The tension T in the string can be calculated from the free body diagram 
Fig. 3.28b. It is easy to see that the relation F=T sin0 must hold. Therefore 

T=FI sin0. (3.50) 

Since sin 0 is always smaller than 1, T is always larger than F. One can define an 
amplification factor h = i/sin 0. The smaller the angle 0, the larger the amplifica- 
tion factor. For instance the angle 0 = 5° yields b = 11.5. 
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3.6.2 Triangular Elements in Large Structures 

The strength of materials like skin, tendon bones and cartilage limits the maxi- 
mum size of animals. It was already shown that thermodynamics gives a lower 
limit for the size of warm-blooded animals. A head is held by the spine, a bony 
structure which mainly supports compression, by tendons and neck muscles 
which support tension, and by the rest of the tissue, which transmits pressure p. 
This pressure is born by internal forces within the tissue and by the skin. 
Fig. 3.28 c. Skin is always under tension. In first approximation one can reduce all 
these forces to one (tendon -muscle) element which is under tension, a second 
(neck bone) element which is under compression, and a shoulder structure that is 
under compression and bending. The free body diagram Fig. 3. z8d reveals the ba- 
sic construction element needed for rigidity: a vector triangle consisting of com- 
pressive (C) and tensile (T) elements, and the weight mg. Fig 3.28e. If the corners 
are hinged and the tensile element contains a muscle, the endpoint (1) can be 
moved. All stable body configurations contain 3-member building blocks which 
either support compression, or tension. Tension can be provided by muscles tied 
to bones by tendons, or by elastic bands (cartilage) alone. 




Fig. 3.28. (a) Lateral force acting on tendon, (b) Free body diagram (FBD) of tendon, 
(c) Head section, (d) FBD of head section, (e) Closed vector diagram 



3.6.3 Vertebrae Construction, Bridges with Cable Support 

Long before humans constructed bridges with sturdy decks and cable support, 
vertebrates have used this construction principle. The horizontal and vertical ele- 
ment in the model animal Fig. 3.29 mainly support compression forces. These are 
the bones. The hanging arches support tension forces. They can be made of ten- 
dons and skin. Joints make the skeleton flexible, and the muscles set it into mo- 
tion. Dinosurs built by this general construction plan may have reached masses up 
to 30 tons. 
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Fig. 3.29. Vertebrate construction plan 



3.6.4 Elastic Elements as Support Structures 

The important role of tendons for supporting body parts is well documented in 
petrographs of extinct animals. Figure 3.30 a shows a sketch of the fossilized re- 
mains of a bird, with its distinctly long neck, arched backwards. When the bird 
was alive the neck was probably stretched forward like a heron or a goose in flight. 
Fig. 3.30b. The tension T in the stretched tendon above the neck held up the head. 
After death, when the bird fell flat on its side, gravity was no longer weighing the 
head down. 

However, the stretched tendon still exerted the force T that curled the neck into 
the radius R, bending it through the angle 0. Let L be the length of the spinal sec- 
tion of the neck. It is the same in the stretched and the curled(unstretched) posi- 
tion, namely L=k 0 . The un-stretched tendon lengthL^=L- AL = (k- Ak)0 is seen 
in Fig. 3.30 c. The stretch AL is 

AL = L-L^=R 0 -{R-AR) 0 =AR- 0 . ( 3 - 5 i) 

In the straight position the tendon of cross section area A holds up the weight 
mg of the head. The tendon force T generates the stress C = TIA = T(AL/L^), where 




Fig. 3.30. (a) Sketch of fossilized remains of a bird. T indicates the direction of pull of the 
tendons after the death of the animal, (b) Tendon stretched by gravity, (c) Relaxed tendon 
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7=1.5 -lO^N/m^ is Young’s modulus of elasticity of the tendon. The moment 
T • AR of the tendon force counteracts the moment mgL of the head and the neck, 
so that T = m g{L/ AR) = AY{ALI LJ. Combine this relation with (3.52) to get 

mg»AY^{/ARIL^ = AXlY^. (3.52) 

Since 0, and the neck aspect ratio X^=ARIL can be measured (3.52) allows draw- 
ing conclusions about the mass of the head and the tendon cross section A. 

An elastic member like a tendon can also provide the restoring force for simple 
harmonic motion, where the head and neck move up and down periodically at a 
resonance frequency^. It is then likely that this frequency would be tuned to the 
frequency of the wings so that the head would oscillate up and down relative to 
the body with the least possible energy input. The center of mass of large birds is 
known to move up and down at the wings frequency^ due to the unsteady lift 
force. Head and wing frequency could easily be tuned to keep the head steady on 
level flight. More detail of such motions will be discussed in Sects. 5.1.3, and 6.1.1. 



3.6.5 The Secrete of Posture 

Animals have the ability to change their body shapes. Muscles and skeletons must 
be strong enough to guarantee static equilibrium in each position. The load of 
spine and limbs depends very much on the geometry. 

A case in point is the load on the spine for a person that lifts a weight either in 
the forward prone position or in the upright position. An extra load is put on the 
spine due to the weight Mg. In the upright position this load is essentially Mg. In 
the forward prone position the weight is lifted by a pull of the back muscle T, 
which generates the moment T = Td^ that balances the moment of the weight 
Mgd^. The required force is 

T=MgdJd^. (3.53) 

Typically the moment arm of the back muscle is d = 0.05 m, while the moment 
arm of the weight in the prone position is about 0.5 m. Hence the back muscle 
must pull with a force 10 times larger than Mg. The force T puts a load L onto the 
spine, namely L = F cos 0. Since the angle 0 is quite small L ~ T=MgdJd^~\o Mg. 
This is bad news for the back and is the cause of many back problems. 

Actually this calculation yields an upper limit of the force on the spine, because 
part of the weight is supported by the internal pressure p in the belly. The stomach 
muscles and the tensions T in the skin of the belly must also support this pressure. 
Weight lifters always wear a heavy belt that helps to support this internal pressure. 

This upper limit of the force on the spine is found as follows. Suppose a person 
of M = 70 kg lifts a weight tn^= 20 kg. Assume that the legs of the person have a 
mass of 10 kg each, so that the hip joints must carry the load of the mass of the up- 
per part of the body m = 50 kg. 
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Fig. 3.31. (a) Loading of spine in prone position, (b) free body diagram, (c) carrying a 
weight in the upright position 



In the up right position, the force vector mg describing the weight of the upper 
body, and the vector describing the additional weight W=m^g go right through 
the hip joint. Neither of these vectors generates a torque. The back muscle does 
not have to pull at all. The load L on the low back vertebrae is L=mg + 
mwg = (5okg +2okg)g = 700 N. In the prone position the mass m of the upper 
body generates the torque T^=mgd^sina^ about the hip joint, because it acts 
with the moment arm d^= d^ sin a^. Similarly the weight W supported at the hip 
H generates the torque T^= W d^ sina^, because it acts with the moment arm d^ 
sin a^. The sum of these torques must be balanced by a torque T = T d^ sina^ gen- 
erated by the tension T in the lower back muscle, which has only the small mo- 
ment arm d= d^ sina^. Note that the angle can be found from tan ~ djd^. This 
leads to the equation T- d^= mgd^ sin a^+ m^g d^ sina^. Assuming some typical 
values d^=o.5m, 0.05 m, one finds arc tan(o.05/o.5) = 5.7°, d^=o.6m 

a^= a^~ go° . The tension in the muscle becomes T= (1/0.05) (50- 0.5 -F 20- 0.6) • 
9.81 = 7400 N. The component T|^= 5000 N of this tension is due to the body 
weight itself T^= 2 400 N is due to lifting the weight. The tension T can be split into 
two components, the vector Tj = T sina^ which generates the torque, and the vec- 
tor L= T cos 0^ which puts a load onto the lower back vertebrae. The extra load 
placed onto the vertebrae due to the weigh m^g is 1^=2400 cos 5.7°= 2 388 N. This 
is much bigger than the extra load m^ g = 200 N placed onto the hip joint in the 
upright position. Don’t do it. Never lift heavy loads while bending forward. 
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3.6.6 Impediment by Gravitation on Other Planets 

If there was life on other planets, the animals would likely acquire different sizes 
because the gravitational acceleration g is not the same as on earth. 



Table 3.7. Gravitation on the planets 



planet 


Mercury Venus 


Earth 


Mars 


Jupiter 


Saturn 


Uranus 


Neptune 


g/gearth 


0.37 0.85 


1 


0.37 


2.51 


1.07 


0.83 


1.14 


g[m/s^] 


3-63 8.34 


9.81 


3-6 


24.6 


10.5 


8.14 


11.2 



Animals living on Mars would appear to have 3 times less weight W= Mg as on 
earth. Therefore, their bones could be much lighter. Also they could run faster, but 
they would walk more slowly, as we will see in the next chapter. 



3.7 Scaling Up 

Large size is desirable for many reasons. However, the burden of a big body falls 
onto bones, joints, muscles, and tendons. To study the consequences of growing 
big, one can extrapolate from the shape and form of a small animal and scale up 
to larger sizes. 

The different approaches of geometrical scaling, maximum tension scaling, 
and equal bending scaling lead to different allometric relations for limb dimen- 
sions. Geometrical scaling, where every body part is enlarged in the same ratio, 
turns out to be unrealistic, because it results in too high stress levels. The other 
two scaling methods assume that stress levels and bending moments must remain 
constant, because the maximum size ultimately depends on the materials from 
which a body is built. The results are summarized in Table 3.8. 



Table 3.8. Scaling relations of limb dimensions. Body mass M, limb mass m, limb diameter 
d, cross section area of limb A, limb length L 



limb dimension 


geometric 


maximum tension 


equal bending 


I 


oc M‘^3 


oc 


OC 


d 


ocM1^3 


oc 


oc 


d 


oc L 




0= 


A 


ocM^/3 


oc 


oc 
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3.7.1 Geometric Scaling 



Could a 50-ton dinosaur look like an enlarged horse? Length dimensions scale as 
L = const and areas scale as A = const with these relations one could 

compare the body dimensions of a dinosaurs (M^ = 50,000 kg) to that of a horse 
(Mj^=50okg). 

Compare the compression stresses c=MIA in the knee joints of the animals. 
Assume each knee of the horse has a typical cartilage surface area of Aj,= 
0.0015 m^. The four knees of the animal with a total surface area Aj^=4Aj, must 
carry the load gMj^ of the body. This generates the static compression stress Cj^= 
gMjj/Aj^=5 000/6 • io“ 3 = 8- lO^N/m^, which is well below the safe limit of 
10^ N/m^. The stress will of course be much higher when the animal is running. 

Geometrical scaling of the knee cartilage surface area implies A^IA^ 
Then the compression stress scales as c = M/A = const = const 

With this relation one can compare the compression stresses in the knees of 
horse and dinosaur knee cjc^= or 

Cd=Ch(Mj/M^)i/3„ 4.6 cj^ . (3.54) 

Geometrical scaling yields an allometric relation where the stress increases as 
The stress in the dinosaur’s knee joint would be a factor 5 larger than in the 
horse’s knee. This stress could be tolerated if the animal would never run fast. If 
the animal had similar habits as today’s horses the dimensions of the skeleton 
would have been distorted in order to maintain a similar stress in the skeletal 
structure. The knee area would increase more rapidly than body length L. In fact, 
to keep the static compressive stress identical in both animals the knee areas must 
scale as the body masses: G^M^IA^MJA^, so that the area for four legs be- 
comes 

Ad=Aj^(Md/Mj^) = o.6m^ (3.55) 

Hence each knee would have a cartilage surface area of A = 0.6 m^/4 = o.i5 m^, 
corresponding to a length dimension (diameter) of 2rj^jjj.j.=o.38 m. We conclude 
that animals in general should not show geometrical scaling. A better approach 
may be weakest link scaling. 



3.7.2 Weakest Link Scaling 

The “safe” tensile strength found in today’s animals could be used to take a guess 
at the actual size of an extinct animal who’s bones have been recovered. Suppose a 
knee joint a diameter of 2 r = 0.2 m has been found, and one would like to estimate 
the body mass of the animal. 
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First, consider the stresses in the cartilage of the knee joint. Assume that the 
cartilage tissue of each of the leg bone joints (knee, or ankle) of an animal of mass 
M has a top surface area of A =47trh The weight Mg generates the pressure 



F Ms 

p = — = — — . 

A 47Tr^ 



(3-56) 



This pressure acts onto the soft disk shaped tissue in the knee joints. The inter- 
nal forces in this tissue. Fig. 3.32, consist of the pressure p, which wants to split the 
disc apart and the internal tension T that holds the disk material together. The ma- 
terial will not break apart as long as p <T. 




Fig. 3.32. (a) Tension in knee joint, (b) Section of soft tissue in the knee lining, (c) Time re- 
sponse of cartilage, (d) Bending stress 



Suppose this tissue has a maximum yield strength T^io^N/m^, then one has 
p=Mglnr^<T = Y, or M<Y4%r^lg. For a knee joint with r~o.i m the maximum 
mass M which can be supported is 



M< 



471 Tr" 



g 



47t-lo'-0.1^ ,, 

= 1.2-10 kg . 

10 



(3-57) 



The supportable mass M scales with the square of the radius r of the cartilage 
disc. Of course there must be a safety margin, because the animal could not risk to 
split its cartilage in the knee joint whenever it stamps its foot. With a safety mar- 
gin of a factor 10 the animal could have a mass of M=i2,ooo kg. This safety mar- 
gin would assure that the knee could withstand impact forces associated with ac- 
celeration and deceleration, which appear for short times and can be many times 
the static weight. Additional limits on the size would come from the ability to col- 
lect enough food, the compressibility of the ground, which might not be able to 
support such giants. 
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Such estimates apply to land animals only. Aquatic animals can become much 
bigger, because buoyancy forces support them. The blue wale with its mass of 
= 100 tons is an example. 

For the dynamic loading one must also consider the time dependent elastic be- 
havior of cartilage. This tissue responds well to short time loads, where it can 
withstand stresses of lo^ N/m^, but it gets weaker under long time loads. 

The time dependent stress E becomes a time function £(f) = (7/£(f), which can 
be characterized by a short time behavior by E^^^io^N/m^ and the long time be- 
havior E^~io^ N/m^ Fig. 3.32c. Some other material also have different short time 
and long time elastic behaviors. You can make a simple experiment at home with 
cornstarch. Mix some cornstarch with water in a metal bowl. When you gently 
push your hand into the slurry, the hand will easily reach the bottom with little 
force applied. Try next to pound your fist quickly into the slurry, some water may 
slosh into your face but the mixture will resist your fist like a rock. Another exam- 
ple is the “softness” of water. It flows gently around the body when one steps into 
a swimming pool, but an object, dropped from a height of 100 m, hits as if the wa- 
ter was a brick wall. 



3.7.3 Maximum Tension Scaling 

Skeletal structures are exposed to compression, tension, and bending forces. 
Bending is a combination of stretch and compression. It yields a different allo- 
metric relation. 

Consider the model. Fig. 3.32d of a limb of mass m, diameter d, and length L 
that is held sideways. It is depressed by its own weight mg acting with the moment 
arm L/2. The mass of the limb scales as m = const d^L. Therefore the torque exert- 
ed by the weight of the limb is T^= const d^L^. 

The leg is held up by a tensile force E, which is produced by tendons and mus- 
cles acting with a moment arm r = dli. The force E can be expressed as some max- 
imum tension multiplied by a cross section area which is proportional to dl 
Hence the muscles exert the torque const d^( 7 ^. In equilibrium this torque 
must be equal to const d^L^, so that (7^= const d^L^. If the maximum stress 
is the same for all animals, it can be treated as a constant, resulting in d = 
const L^. This dependency can be used to eliminate d from a relation for the mass 
of the limb m = const d^L. This leads to m = const L^, or L = const and 



d= const L^= const m ^^5 _ (3.58) 

so that the surface area d^ of cartilage in the knee joint must scale as A = 
const d^= const jf one further assumes that the limb mass m is a constant 
fraction of the body mass M, one can compare horse and dinosaur to see how limb 
cross section areas scale with body mass. If the cartilage area of the knee scales as 
horse and dinosaur dimensions must be related as 
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Aj = Aj^(Mj/Mj^) 4/5 = 6- 10 3 . 40 = 0.24111^ (3.59) 

This number is nearly twice as large as the surface area calculated under the as- 
sumption of geometrical scaling. 



3.7.4 Elastic Similarity Scaling 

For another estimate or the knee joint surface area we consider the deflection D in 
Fig. 3.32d. The deflection angle 0 is approximately found from tang 0=D/L = 
AL/r = 2AL/d. This bending comes about because the upper edge of the limb is 
stretched and elongated by some distance AL, while the lower edge is compressed. 
Let the stretching be an elastic process where the elongation is related to the ap- 
plied force F= kAL= Y{AIL)AL. The spring constant k contains Young’s modulus 
Y, the cross section area A = const cP of the stretched member, and the length of 
the stretched member. Again we balance the torque of the weight of the member 
T^= m g (L/2) = const (PL^ with the torque of the applied force Tj^= F d/2= const Y 
{(PIL)AL{dlP) to yield Yd^AL/L= const dVor 

YdAL = const . (3.60) 

For similarity bending one can assume that the bending angle 0 remains con- 
stant. This implies AL/d= const. Then Eq. (3.60) reduces to the similarity of con- 
stant stretch. 

L = const (3.61) 

As before, the limb mass scales as m = const d^L, so that m = const or 

d = const Then the surface area scales with limb mass as A = const d^= con- 

st m°- 75 , and provided m = const M, the knee area of the dinosaur must have the 
size 

(MJM^^)^P = 6-io~^ - 32 = 0.19 nP. (3.62) 

All these estimates point to a surface area in the range of =1/4 m^ which yields 
a surface stress of (7=5 • lO^ N/0.25 m^ = 2 • 10® N/m^ which is probably safe for a 
slowly moving animal. These scaling relations are shown in Table 3.8. 



3.8 Strong Materials in Biology 

The strength of biological and other materials arises primarily from the bonds 
that hold atoms together. Most biological materials however do not achieve the 
theoretical maximum strength. Spider dragline is one of the few exceptions, as it 
achieves a strength that approaches the limit set by the chemical bonds. To under- 
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Stand these limits and why they are mostly not reached one has to look at the prin- 
ciple of bonding. Figure 3.26b shows the bond energy potential U versus atomic 
separation r that characterizes a chemical bond. Figure 3.26c shows the derivative 
dl7/dr, which gives the bond force. The minimum of the function U{r) corre- 
sponds to zero net force. Here the repulsive force (which dominates at close range) 
equals the attractive force of the chemical bond, which arises (for ionic solids) 
from the electrostatic interaction between (-F ) and (-) charged particles. 



Table 3.9. Work of fracture per unit mass W/p 



material 


yew 

wood 


spring 

steel 


keratin 

(horn) 


collagen 

(tendon) 


bone 


rubber 


spider 

silk 


WIp [M]/kg] 


900 


130 


30,000 


2,500 


1.500 


io 5 


= 2-10^ 


max AL/L 


0.009 


0.003 


0.3 


0.08 


0.02 


8 


0.4 



The bonding interaction is responsible for the strength of the material, because 
materials break when atoms are pulled apart in a failure process. Note in 
Fig. 3.26b that the net force first rises linearly from zero as the separation r in- 
creases, then it levels off and quickly falls back to zero, the bond is broken. One 
strength quantity that can easily be measured is the work of fracture per unit mass 
W/p. Table 3.9 shows some data. 



3.8.1 Surface Energy y and Breaking Strength 

If the distance r was increased by a mechanical force that pulled the atoms apart, 
the bond breaking would be a mechanical failure. Figure 3.33 illustrates the failure 
in a perfect elastic solid. Shown is the model of a perfect crystal with the layer 
spacing a between atoms in the vertical direction. (In real life this spacing could 
be determined with X-ray diffraction.) If we knew the chemical nature of the sol- 
id, we also could determine the theoretical stiffness, and the strength of the mate- 
rial from first principles. 

A piece of material of cross section A, which is elongate by £ = AL/L experi- 
ences the stress c = FI A =Ye, where Y is the modulus of elongation. The area un- 
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Fig- 3-33- (a) Perfect solid and surface energy y, (b) energy/volume 
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der the c{e) curve, Fig. 3.33b, represents the energy W per unit volume V=Aa 
needed to break the material; force/area has the same dimension as energy/volume. 



W AL 

= 0 . 5(7 ,or 

A-a L 



W 

A 



aa-AL 

2L 



(3-63) 



where e = AL!L can be replaced by <jIY. Let ybe the separation energy per area. It 
is an empirical quantity that can be measured. Typical values are 7= 1 }/m^. When 
the material breaks, two surfaces are created each one having the surface energy 7, 
hence WIA = 2 Y. 

Substituting this relation and ALIL = alY into (3.63) yields the maximum 
breaking strength 

= (3-64) 



3.8.2 The Strength of Real Materials 

Underlying the breaking strength derivation is the assumption that the failure in 
the material has occurred within a single layer of the crystal lattice, and that with 
this failure only the bonds that previously spanned this layer have been broken. 
This theoretical breaking strength is however rarely approached in real materials. 
Table 3.10 shows data for the strength of some technical and biological materials. 
Obviously the biological materials fall well short of the theoretical materials. Two 
questions come to mind. 1) Why are the biological materials so weak, and 2) why 
do spider silk and kevlar come much closer to the theoretical levels? 



Table 3.10. Surface energy yand maximum breaking strength 



material 


surface energy 7 
[J/m^] = [N/m] 


f^max theoretical 
[N/m^] 


ttmax measured 

[N/m^] 


iron 


2 


4 • 10*° 


-10^ 


glass 


0.5 


1.6 


5 • io 7 to 4 • io 9 for fiber 


MgO 


1.2 


3-7 




AIP3 


1.0 


4.6 


2 • 10® to 1.5 • 10“ for whisker 


muscle 






= 2 -io 5 


water 


0.072 







The first question has an easy answer. No real material achieves the perfection 
of molecular structure assumed in the analysis. All real matter, especially large 
blocks of it, has flaws and defects when viewed at the level of individual atoms. 
Flaws exist on the scale of atomic lattice and even more frequently on a much larg- 
er scale. These flaws cause redistribution of stress and stress amplification, which 
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makes the fracture process quite different from the models used to calculate the 
theoretical maximum stress. Instead of all bonds breaking simultaneously to fail 
in a single catastrophic effect the flaws cause stress concentration, and the materi- 
als fail by the sequential breaking of bonds. 

Stress may be illustrated by stress lines, or stress trajectories, as indicated in 
Fig. 3.34. The closer the lines are together, the higher is the local stress. Near the 
notch in Fig. 3.34a the stress must be much larger than the average stress (7^, be- 
cause all the stress lines from the top have to squeeze around the notch. Near the 
tip of the notch the stress maybe increased 100 fold. The atoms near the tip of the 
flaw must see this increased stretch. They break apart once the tension exceeds the 
theoretical strength. Then the flaw propagates inwards, and as it gets deeper, more 
stress lines crowd into the still coherent cross section and the local stress increas- 
es further. The material will break at increasing speed. 

This concentration of stress lines is the reason that biological materials are so 
much weaker than their theoretical strength. The actual process is however more 
complicated than this. For many materials the strain energy, AW= 0.5 stored 
throughout the sample at the average stress (7^^, at which the flaw growth starts, is 
sufficient to account for all the bonds that must be broken to form the fracture 
surface. These materials fail catastrophically (shatter), because the crack propa- 
gates across the sample at speeds that approach the speed of sound in these mate- 
rials. Materials that fail this way are extremely brittle, and they are usually of lim- 
ited value in the construction of living or man-made materials. Materials with 
large cross sections can generate large stress concentrations. It is not possible for 
a glass fiber of 1 pm diameter to have a flaw of a few hundred nm. Therefore the ef- 
fect of flaws on the material strength can be reduced by limiting the size of the 
material thus limiting the size of the flaws. 

Figure 3.34b shows measured maximum stress as a function of the diameter of 
different fibers. Clearly the thin fibers are much stronger. The very fine glass fibers 
approach the theoretical maximum strength. For material strength small is beau- 
tiful. 





Fig. 3.34. (a) Stress concentration near notch in crystalline lattice, (b) Maximum stress a as 
function of fiber diameter 
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3.8.3 Why Are Spider Silk and Kevlar so Strong? 

The notion that small fiber diameter will improve strength is probably one part of 
the explanation of the quite remarkable strength of spider’s dragline. These fibers 
are typically 1 to 5 pm in diameter, and their strength approaches that of the very 
strongest man-made super fibers. 

The extreme toughness of silk arises from an optimal combination of rigid 
polymeric crystals and amorphous polymeric linking domains. The stress strain 
curves for spider silk and kevlar, Fig. 3.35 a, are quite different, although both have 
similar maximum strength Kevlar stretches very little, 

whereas spider silk stretches to ^ ^ consequence the energy required 

to break spider silk WIp = 200 MJ/m^, the hatched area under the stretch curve 
( 7 (£), is much larger for spider silk than for kevlar, and is nearly the highest for any 
known material. This makes spider dragline the toughest known material even 
though it is significantly weaker than Alumina whiskers, see Table 3.10. 




Toughness is a measure of the ability to resist breaking, which is equivalent to 
the aptitude to absorb energy prior to breaking. Toughness and strength are not 
the same, and toughness is probably the most important property for spiders in 
their use of dragline silk. Kevlar is entirely crystalline, and like other crystalline 
materials, it cannot be stretched significantly before is fails. Dragline materials 
have been optimized by nature to their functions in the spider’s web and safety 
line. 

An orb web is a planar structure that has been optimized to capture flying in- 
sects, which the spider eats. The structure has to absorb the kinetic energy of the 
flying prey without breaking. It is of course essential to do it with the least amount 
of sfructural material. Spiders need to build large nets in order to catch enough 
food, and spider silk is pure protein, a valuable commodity to all animals. Also spi- 
ders make a new net every day and would have to consume huge amounts of pro- 
teins for their webs were they not able to make very fine fibers of high perform- 
ance materials. Some spiders actually eat their olds web. 
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The orb web is actually made from two kinds of silk. One is dragline whose 
properties and structure were discussed above. This silk forms the frame and ra- 
dial strands of the web. They serve as the support for a rubber-like sticky silk that 
is laid down as a spiral, Fig. 3.36b. We will only consider the dragline here. Its 
main function is to absorb the energy of impact of the flying prey, which arrives 
essentially at right angle to the strands. Fig. 3.36 c. This geometry imposes some 
interesting physics associated with high deformation and energy absorption. 

First, consider the situation where a flying bug has been stopped by the deflec- 
tion of the silk strand. If the silk was highly elastic like all true crystalline sub- 
stances, then the spider would have created a perfect sling shot: when the bug is 
stopped, its kinetic energy would be converted into elastic energy of the stretched 
silk. Then the strand would bounce back and fire the bug back into the direction 
where it came from at the initial impact velocity. This is obviously not what the 
spider had in mind, and it is not what actually happens. 

The mixture of amorphous and crystalline structure in silk makes this materi- 
al highly viscoelastic: part spring, part fluid. This viscoelastic behavior is illustrat- 
ed in Fig. 3.35b. The “recovered” stress is much smaller than the strain generated 
during the first stretching. The ( 7 - curve is a loop encircling an area that corre- 
sponds to the lost work. 65 to 70% of the kinetic energy of the bug is absorbed 
through molecular friction (loss), and only 30-35% is available for elastic recoil. 
Thus, the flying bug will likely be held in the glue strands. 



3.8.4 The Optimum Stretch of Spider Silk 

The extensibility of dragline (frame silk) appears to have been optimized through 
evolution to work best in side-on loading, where the force F is applied at right 
angle to a string. The tension T, which appears inside the string, is much larger 
than the force F itself. From the geometry. Fig. 3.37b one finds the tension as func- 
tion of angle 0 and force ; Fli=T sin 0, or 
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Fig- 3-37- (a) Breaking strength in a string as function of stretch e=AL/L. (b) Force in later- 
ally loaded string 



T = 



F 

2sin^ 



(3-65) 



If the string stretches little, the angle 0 is kept small and 1/(2 sin 0) becomes a 
large number. Therefore, the tension in an inelastic string can be much larger than 
the impact force F. 

If the string is quite elastic, it just stretches under the impact. For angles 0 > 30° 
the denominator of Eq. (3.65) is larger than 1, so that the tension is smaller than 
the impact force F. If however the string is stretched too much the cross section 
decreases, (since the total mass of the string must be constant) so that less force 
can be supported. There is an optimum deflection angle where the lateral force E|| 
is a maximum. 

This maximum can be found as follows. As the angle 0 increases the length of 
the silk increases L = LJ cos 0. As the silk is stretched, the area decreases since the 
volume must stay constant, A = VIL = ( VI L^) cos 0. Assume tension in silk is maxi- 
mum then the silk can support the “longitudinal” force. 

f|r^rmax=(rmax- Wio)cOS0 (3-66) 

The impact force that can be absorbed is F=2F^^sin0=2{T^^^V/LJ cos 0 • sin 0. 
If one further substitutes cos 0 = LJL, sin0 = (i/L)'J(L^~ L^), and further intro- 
duces the elongation e=LIL^, the maximum force can be given as 



F 






(3-67) 
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The maximum braking force derived by this model can either be given as 
optimum stretch ^max^^o’ optimum angle The maximum force 
normalized by V/LJ = sm 0 • cos 0 is plotted in Fig. 3.37a. The optimal ex- 

tension where the fiber can support the maximum lateral force without breaking 
occurs for L/L^= V2, or £ = 42%, or 0^^^= 45°. At this deflection the strands support 
exactly 50% of the breaking strength 2F^ of the two strands which are stretched in 
the longitudinal direction. 



3.8.5 The Dragline as Safety Line 

Spiders also match the size and properties of the dragline for the use as a safety 
line. They manufacture their drag lines with a cross section area A that will make 
it an effective safety line to catch the spider itself, should it fall. Since spiders grow 
about 1000 fold during their lives, they must ensure that the dragline changes in 
size in an appropriate manner. Figure 3.38 shows experimental values of breaking 
force ^br as function of the spider body mass M. Experimental values of the break- 
ing force ^br scale with body mass M as 

Ebr=ioM3/4. (3.68) 

This implies that the statistic safety factor SF (breaking force fJ^j./body weight 
M) scales with the body mass as, see Fig. 3.38 

SF = F|,^/Mg = i.02M-i/4. (3.69) 

As a consequence of the negative exponent in this allometric relation the sta- 
tistic safety factor falls as the animal grows. For the smallest animals the safety 
factor is very large (about 20 to 30), and it is not clear why small spiders make such 
large overgrown fibers. 



(a) 




(b) 




Fig. 3.38. (a) Breaking force of dragline silk, (b) Statistic safety factor SF 
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Table 3.11. Frequently used variables of Chap. 3 



variable 


name 


units 


A 


area 


m^ 


B 


buoancy force 


N 


C 


compression 


N 


c 


compression stress 


kg/nP 


E 


electric field 


V/m 


Pd 


drag force 


N 


Pl 


lift force 


N 


fo 


specfic muscle force 


N/m^ 


Pc 


cross bridge force 


N 


h 


height 


m 


j 


current density 


Amp 


m 


Mass of part of the body 


kg 


p 


pressure 


N/m^ 


s 


surface area 


m^ 


SF 


safety factor 




St 


Strouhal number 




T 


tension 


N 


T 


temperature 


0 


u 


velocity 


m/s 


V 


volume 


m 3 


''0 


specific muscle velocity 


l/s 


w 


weight 


N 


X 


aspect ratio 




Y 


modulus of elongation, or yield strength 


N/m^ 


e = AL/L 


elongation 




y 


surface energy 


J/m=^ 


Ys 


coefficient of surface tension 


N/m 


T] 


viscosity 


kg m“* s“‘ 




molecular weight 


kg/mol 




dynamic friction coefficient 






static friction coefficient 




V 


kinematic viscosity 


mVs 


p 


density 


kg/m 3 


a 


stress 


N/m^ 


T 


torque 


Nm 
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Problems and Hints for Solutions 

P 3.1 Gastrolyths 

Crocodilians have a heavy tail bringing their center of mass close to the hind legs. 
When they are submerged, gas in their lungs or stomach could give them extra 
buoyancy and make their front rise. It is hypothesized that they swallow stones 
(gastrolyths) in order to offset the buoyancy force. An alligator, mass M = 30 kg 
resting under water has developed an air pocket of volume V=yoo ml at a dis- 
tance d^= 0.15 m to the front of the center of mass. 




Fig- 3-39- Crocodile with gastrolyths 



a) What is the weight W of the stones the crocodile has to swallow to offset the 

buoyancy of the gas? (density lo^kg/m^). b) Suppose the crocodile 

would dive to a depth oi d = 6.0 m. What would happen to the gas in the lung? 
c) Would the crocodile have to change its’ ballast and if so, how much ballast 
would it need at this depth? 

P 3.2 Old Birds 

Examine Fig. 3.40 and assume that the Pterodactyl was about the size and mass of 
a duck. 

a) Estimate by how much the tendon of the neck is shortened in the position 
shown, compared to its length L when the neck is stretched. Assume Y ~ 10®. 

b) What cross section area A for the tendon is required to hold the head? c) How 
much elastic energy AE = (i/2)/c AL^ is stored in the tendon? The spring constant k 
is defined by E= mg = /cAL. 




Fig. 3.40 Birds neck, (a) Stretched forward with tendon balancing the weight of the head, 
(b) Neck of birds carcass lying on its side: head is pulled backwards by tendon 
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P 3.3 Force Amplification in a Dog's Bite 

a) Calculate the forces and that a Doberman dog can exert with its front and 
back teeth. Assume that the chewing muscles on either side of the mouth have a 
cross section of A =20 cm^, and that the dog chews on a piece of meet which pro- 
trudes on both sides of his mouth. Assume d^= 1.0 cm, d = 2.5 cm, d = 6 .o cm. 

b) Assume that the teeth are pointed. Each tooth makes an indentation of 
1.5 mm across when the dog gently touches an object. What pressure can the front 
and the back teeth apply on the surface of a bone? 




Fig. 3.41. Force amplification, (a) Skull bones, (b) rope with lateral force 



c) Forces can be amplified by pulling in the lateral direction. Calculate the ten- 
sion force T which is generated when a muscle pulls with a force E = 6 N in the di- 
rection shown in Fig. 3.41 b, so that the angle becomes 0 = 15°. Give the amplifica- 
tion factor a= TIN. d) Some muscles (pinnate muscles) are arranged to pull at an 
angle so as to amplify their force. Find three examples of animals with such pin- 
nate muscles and estimate their amplification factor a. 

P 3.4 Toeholds 

Determine the tension T in your Achilles tendon when you are standing with the 
toe of one foot on a book. For this calculation you must know your weight and 
measure the distance a from the toe to the ankle joint and b from the ankle joint 
to the heel where the tendon is attached. 




Fig. 3.42. Toehold 



^ Mg 
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a) Estimate the area cross section area of the muscle w • d) that holds the 
tendon. Measure its width w, and depth d to an accuracy of ± i cm. Calculate the 
specific muscle force /= T/A and compare this value to the standard value 
f^=2 iQ^ N/m^. Discuss the uncertainty of the result. (An uncertainty of + 20% is 
quite acceptable for these rough calculations.) b) Determine the area of the ten- 
don by measuring its diameter, assuming a circular cross section. Calculate the 
stress (7 = T/Aj in the tendon, and determine the safety margin, namely how much 
smaller a is than the maximum yield strength of tendon material quoted in Table 3.3. 

P 3.5 Weight Lifting 

An person lifts a 6 pound weight by moving the forearm (mass m = 2.5 kg) 
n = 90 times in 2 minutes from the vertical down position to horizontal posi- 
tion (a). Assume that the center of mass cm of the forearm is located a distance 
s^^=o.2’} m from the elbow joint, the center of mass of the weight (held by the 
hand) at s^= 0.42 m, and the tendon connection at Sj= 0.03 m (tendon diameter 
d^= 0.003 m). Model the biceps as a cylinder of max length l^= 0.15 m, and diame- 
ter d^= 0.06 m, in the stretched position, a) What is the tension force and the 
stress (Tin the tendon in the horizontal position? b) What is the length contraction 
AL of the muscle? c) How much mechanical work W is done? d) What is the max- 
imum weight this person could hold in position (b)? e) How much metabolic en- 
ergy AQ is expended, f) Calculate the mass of the biceps and determine by how 
many degrees AT, the temperature in the muscle would go up if no heat was car- 
ried away, g) If the heat was removed by sweating alone how much water would 
have to be evaporated? h) How else could the heat be removed? How much water 
would have to be evaporated? 




P 3.6 Red Fingers 

Swirl one arm around as fast as you safely can. Measure the length of your arm L, 
and the time it takes for 10 revolutions, so that you can determine the period T. 

a) Calculate the average speed of your fingers, b) Determine the radial centri- 
fugal acceleration, and the additional pressure in the blood vessels in your fingers 
due to the motion. Compare this pressure to the systolic pressure generated by 
your heart (Apj^ = 120 mm Hg), and comment why your fingers are red. 




Problems and Hints for Solutions 
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P 3.7 Near Surface Drag 

Natasha, a good swimmer, wants to quantify the effect of near surface drag .4 For 
that purpose she swims with the dolphin kick at various depths y under the water 
surface. She maintains a constant depth by watching a horizontal line on the pool 
wall. 



Table 3.12. Laps times At, and pulse rate iy of Natasha while swimming at depthy under water 



y[m] 


Ax[m] 


At[s] 


Fjj [beat/min] 


0 


25 


26.24 


140 


0 


25 


26.37 


136 


0.5 


25 


25-45 


140 


0.5 


25 


25.15 


140 


1.0 


25 


23.85 


140 


1.0 


25 


27-73 


140 


1-5 


25 


22-95 


144 


1-5 


25 


22.95 


140 


2.0 


22.86 


21.90 


140 


2.0 


22.86 


21.56 


144 


2.5 


22.86 


21.60 


140 


2.5 


22.86 


21.44 


140 


3-0 


22.86 


21.15 


136 


3-0 


22.86 


21.23 


140 



For every length she swims she measures her travel time with a stopwatch on her 
wrist, see Table 3.12. The pool is slightly shorter below a depth of 1.50 m. She also 
measures her pulse rate and only uses runs where it stays close to the same val- 

ue, 140 beats per minute. 

a) Calculate the average speed per run. b) Assume a body shape like a flattened 
torpedo of cross section area A = 0.07 m^ and a drag coefficient Cjj^= 0.05 to cal- 
culate the average drag force at a depth of y = 3.o m. This is also the average 
propulsion force generated by the swimmer, c) Since the heart rate is about the 
same at all depths one can assume that the propulsion force too is the same at all 
depths. Calculate the drag coefficient ration as function of depth y. 

P 3.8 Body Exercise 

Measure the force of your biceps. Take a pail and fill it with water until pail and 
water together are so heavy that you can barely hold it with your hand. Measure 
the weight on a bathroom scale. Say the scale reads 7 kg. The force exerted by the 
pail in your hand is then F mg = 7kg -9.81 m/s^= 68.7 N. Your arm is a lever, and the 
pail acts with the moment arm d = distance pail handle - elbow joint, while the bi- 
ceps tendon, which pulls up with the force F^, has the much shorter moment arm d^. 



4 Student research project by Natasha Szucs, University of Bristish Columbia Zoological 
Physics April 2002. 
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Both distances can be easily measured with a ruler. The balance of moments 
yields F^= m g djd^. The tendon only transmits the muscle force, therefore the 
muscle generates the force F = F^. Measure the diameter D of your biceps, again us- 
ing a ruler. The muscle cross section area is A^=n{Dl2y. Then find a=FIAm. In- 
stead of filling the pail until you can barely hold the pail, you can make the pail 
heavier and slide it on the forearm from the elbow joint towards the hand till it be- 
comes too heavy. Measure the distance d^ where you can just hold it. This experi- 
ment can be easily performed in the classroom, using a student volunteer. 



Sample Solutions 

S 3.1 Gastrolhyths 

a) Take moments about the center of mass: mg • 0.12 m= y(p^-p^jj.) g • 0.15 m, 
solve for m = (o.r5 m/o.r2 m) • 0.7 1 • (r kg /1 - o.oor2p kg/ 1 ) = 0.874 kg- b) Pressure 
increases by ro^ N/m^ for every 10 meters of depth h. At the surface p^= lo^ N/m^. 
At h = 6.o m the total pressure is p^=p^+{h/io m) • lo^ N/m^ = r.6 • lO^N/m^, from 
the gas lawp V= const one has \=^pjp(,= (r/r.6)y= 0.7 l/r.6 =0.44 1 . This small- 
er volume of air generates a smaller lift, c) At h = 6 m depth the animal would only 
need m^= (o.i5/o.r2) • 0.44 1 • (1 kg/1 - o.oor2p kg/1) = 0.54 kg of stones. 

S 3.5 Weight Lifting 

a) Take moments in position (b). Solve ^^^^-0.03 m = g • (2.5 kg • 0.23 m-F6 lb • 
0.45 kg/lb • 0.42 m) for the muscle force F^= 536 N. The stress in the tendon of ra- 
dius k=0.003 m/2 is cr = Fj^/7t(o.oor5)^ = 7.65 • lO^N/m^. 

b) The length contraction of the muscle between positions (a) and (b) is 
As=d- sin 40°= 0.003 - sin 40°= 0.00192 mm. 

c) Mechanical work for lifting the weight one time: the weight is lifted by 

Ah = L-sin 40°= 0.27 m. The center of mass is lifted by sin 40 = 0.23 

sin 40°= 0.148 m. Work for a single lift A W= 0.148 m • g • 2.5 kg -F 0.27 • g • 6 lb • 
0.45 kg/lb = 10.8 Nm, for 90 lifts of the weight AW^^= 9oAW= 970 }. 

d) Maximum weight held in position (b): Muscle radius R^=o.o^ m. Muscle area 
A = 7t 0.035^ m^= 3.85 • io“ 3 m^. Maximum muscle force F=A-/=3.85-io“3m^-2-io5N/m^ 
= 769 N. Take the moments about the elbow joint 769 N-o.03 m=g-(2.5 kg-o.23 m-l- 
mj^-0.042 m), and solve for the biceps mass m^= 5.5 kg. 

e) Of the metabolic energy AG only the fraction t] ~ 0.25 is turned into mechani- 
cal work. AW=970 J=J7 AQ. Hence AG= I\^j,/o.25 = 388o J. Then AQ=AG- 
AW= 2 910 J appears as heat. 

f) The muscle mass is pTiR^l^=ioookg/m^-n- o.O’i^-o.i^ = 0.42kg. The heat 
AQ leads to an increase of temperature AT. Caloric equation AQ = C m^^AT. Specific 
heat C=4 .i 8 kj/kg°. Therefore AT=AQ/Cmj^=29io J/(o.42kg-4.i8-io3J/kg) = 
i.65°C. 

g) Evaporation of mass of sweat at L^= 2300 }/g: AQ=m^L^, or m = 
AQ/L^= 2840 1/(2300 J/g) = 1.23 g of sweat. 

h) The heat could be moved away in the blood by convection. 
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Panta rei Everything flows 
Heraclit 540-480 BC 



Supplying the Body with Nutrients and Oxygen 

Big animals consist of a myriad of cells. All living cells require nutrients and oxy- 
gen to perform the functions of life. Cells extract these substances from their sur- 
rounding by diffusion. This holds for single celled organisms as well as for the spe- 
cialized cells that make up the body of any animal. Therefore, big organisms had 
to find ways of transporting oxygen and nutrients directly to the doorstep of every 
cell and removing the waste products; this had been achieved through convection. 
Blood is the conveyor of substances of all higher animals. The convection system, 
the cardiovascular apparatus, consists of a pipe system with veins, arteries, a 
pump (the heart), a gas exchanger (the lung), blood storage reservoirs like the 
spleen or other tissue, and various valves to control the flow volume. 



oxygen from the outside 




Fig. 4.1. Circulatory system with convection and diffusion components 



This convection system must inundate the whole body with oxygen and food 
so that each cell is surrounded by a nutritious sea of body fluids. If the body would 
consist of just a few big cells this convection system could be quite simple. It would 
only need a few branches. However, if the cells are small, the arteries and veins 
must divide and subdivide many times to reach every single cell. Living cells tend 
to be small. Therefore our cardiovascular system is complicated. Cells need to be 
small because they feed by diffusion. 

Chapter 4 begins with determining the maximum size of cells that can live by 
diffusion alone. Sect. 4.1. Larger organisms need pipe flow to feed the body. The 
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cardiovascular system and the breathing apparatus are modeled in Sect. 4.3. These 
fluid flow systems are perfectly matched to the metabolic demands of the body. 
The physics principles needed to make these quantitative predictions, namely 
flow in pipes with friction (Hagen Poiseuille) and without friction (Bernoulli) are 
reviewed, and the differences between laminar and turbulent flows are described 
in Sect. 4.2. 



4.1 Motion in Concentration Gradients 

All animals, big or small, consist of cells. Cells must eat and excrete, that is they put 
the good molecules inside and push the bad ones out. This requires motion of ma- 
terials. Cells are enclosed by walls, thickness d, which contain gates and, pumps 
that maintain the proper concentrations Uj of ions and neutral particles inside. 
Concentration gradients drive the process of diffusion and osmosis. The flow of 
material is large when d is small and the concentration Uj of a particular molecule 
inside is very much different from the concentration on the outside. The quan- 
tity {n^-n^ld is called the concentration gradient. 

Unfortunately diffusion is a relatively slow process. The father away from a sur- 
face some tissue is located, the slower the rate at which it can obtain molecules by 
diffusion through the surface. Only very small animals can operate with diffusion 
alone. Larger animals need a convection system for gases (respiration) or liquids 
(primary and secondary system) to transport materials through their body, but 
they always rely on diffusion to move molecules into individual cells. 



4.1.1 Diffusion 

Diffusion is a very convenient transport mechanism for atoms and molecules in 
gases and liquids, because it proceeds without external energy input as long as 
there are many particles in one region and only few in the neighboring region. 

Diffusion is the process in which particles try to get away from the crowd. It is 
basically an atomic collision process, in which particles travel freely through the 
distance X (mean free path) at some average thermal speed a until they make the 
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Fig. 4.2. Diffusion in concentration gradients 
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next collision. A quantitative measure of the particle concentration is the number 
density n particles/m^, which is a function of the position x, see Fig. 4.2. Important 
for diffusion is the distance Ax between adjacent regions. Let region r have the 
number density n^, and region 2 the number density is n^. The quantity {n^-n^)l 
Ax = AnlAx is called the concentration gradient. A measure for the diffusion flux 
is AT, which is the number of particles per second that pass through a surface area 
A separating the regions of high and low concentration. The diffusion flux is 

N’=ADAn/Ax, (q.r) 

where D is the diffusion coefficient, or diffusion constant which depends on the 
medium, its temperature, and the size of the diffusing particles. Diffusion can also 
be related to the partial pressure gradient, since in a gas the number density is 
related to the partial pressure pj and temperature T, 

= ( 4 - 2 ) 

where kg is the Boltzmann constant. Here one must remember that each con- 
stituent i of a gas has a partial pressure pp which contributes to the total pressure, 
p = 2p-. For instance p ■= p +P -^ -t P . 

r -“ri rair r oxygen ^nitrogen rptrace gases 

Pressure may be given in several different units: atmospheres, pounds per square 
inch, or N/m^. These units are easily converted. p = i atm = i.oi3 • io5N/m^ = 
760 mmHg = 76o torr. The partial pressure of oxygen in atmospheric air is 
Po^~ (760/5) = 152 torr. One mole of gas at standard pressure and temperature (STP: 

T = 273 K, p = 1 atm) occupies a volume of 22.4 liter = 2.24 • lo'^ cm^. It contains 6 • lo^^ 
molecules, 20% of which are oxygen. Hence every cm3 of air holds 6 • 10^3/2.24 • io'* = 
2.67 • lo'^molecules, which contain ng^= (1/5) • 6 • 10^3/2.24 • in'* cm3 = 5.4 . 10'* oxy- 
gen molecules per cm3, or 5.4 • lo^^ oxygen molecules/m3. 



Table 4.1. Diffusion coefficients D adapted from Denny [1993] . Note that D has the same di- 
mension as the kinematic viscosity v 



substance 


medium 


molecular 

weight 


diffusion coefficient 
DmVs 


tobacco mosaic virus 


water 


40,000,000 


0.08 • 10"‘° 


human serum albumin 


water 


69,000 


0.61 • 10“‘° 


sucrose 


water 


342 


5.2 • 10“‘° 


glycine 


water 


75 


10 • 10"“ 


oxygen 


water (5°C) 


32 


18 • 10"“ 


oxygen 


air (5°C) 


32 


1.9 • 10 5 
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4.1.2 Osmosis 

Osmosis acts somewhat like diffusion. It is based on the fact that some molecules 
are attracted to molecules of a different species, as if there were nooks and cran- 
nies within the structure of one kind of molecules where other can fit into. 

When different substances are separated by a semi-permeable membrane, one 
substance may attract the other as if there was a pump pushing one into the oth- 
er. The action is the same as water being sucked up by blotting paper. The water 
will actually rise in the blotting paper to a certain height. The height of a water 
column can always be characterized by the pressure at its bottom, p =p g h. Simi- 
larly, one can define an osmotic pressure as the affinity of one substance to anoth- 
er. Osmotic pressures can range up to several atmospheres. 



1 

T 




HjO + solute 
diffusion 



Fig. 4.3. Osmotic pressure 



4.1.3 The Size of Body Cells 

Diffusion moves molecules whenever there is a concentration gradient. An! Ax. 
Diffusion goes by itself. However, the metabolic demands of an organism is so high 
that a diffusion flux can supply living tissue only over short distances R^. This dis- 
tance is also a measure for the radius of an animal that can supply its whole body 
by diffusion alone. 

In order to find the size limit above which animals will need convection to 
feed the cells, we approximate the organism as a sphere of radius R, with the mass 




S 



Fig. 4.4. (a) Metabolic rate F of single cells, which lies by a factor below the mouse to ele- 
phant curve, M body mass, (b) Maximum cell size as function of the activity factor 
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M= p{4nl’i)R^, where p = 1000 kg/m^ is the density of water. The number of oxy- 
gen molecules AT needed for the metabolism depends on the consumption of the 
animal, characterized by the typical metabolic rate F. It will be shown in Sect. 4.3.3 
that mammals consume oxygen molecules at the typical rate ^ Q 

Qj molecules/sec, where 7 ^ is the metabolic rate described by Kleiber’s famous 
mouse to elephant curve, and b is the activity factor. 

Of interest is the specific oxygen demand of the animal Single cell 

organisms have an oxygen consumption rate d = d^^^/b=N’lb^M that is smaller 
than the mammal rate by some factor b^, as indicated in Fig. 4.4a. Therefore, the 
specific demand of the single cell organism is d = 2.2-io^*-4M^^'t/h^M=8.8- 
where M= 1 000 kg/m^ • (4k/3)R^, namely 



1.09 ■ 10'® molecules 
b^-R^'‘* kg-s 



(4-3) 



This demand must be met by diffusion. Diffusion through the skin of the 
spherical animal (surface area A = 4kR^) supplies the oxygen flow N’^^^j=AD 
dn/dr= 4nR^D{dn/dr). We divide this diffusion flux by the mass of the spherical 
organism M= p {4nl’i)R^ and thereby obtain the specific supply s = N’^^^^/M= 
{^lpR)D{dnldx). The diffusion constant for oxygen in water at T=i5°C is 
D=i8 • io“‘°mVs, and p = lo^kg/m^, hence s= (5.4- 10“^^ /k) • (dn/dx). 

The gradient dn/dx can be approximated as dnIdbc-AnlAx. Oxygen will reach 
the center of the sphere only if Ax~R, Fig. 4.5 a. When R>Ax the center of the 
sphere cannot be supplied with oxygen. Fig. 4.5b. The oxygen concentration dif- 
ference An can be obtained by realizing that at a pressure of p = i atm there are 
”air“ 5'4 ■ particles/m^ in the ambient air, see Sect. 4.1.1. Assuming that the 

oxygen concentration is very small at the center of the sphere one can set An = n. 
Most single cell organisms live in water and not in air. 




Fig. 4.5. Single cell in a sea of Oxygen, (a) Organism can be supplied by diffusion, (b) The 
organism is too big for diffusion to supply the interior with 0^ 



The oxygen concentration n^ in water is much smaller than in air, and n^ de- 
pends on the water temperature (see Fig. 2.21). A typical value is n = 0.03 Then 
one can give the supply of oxygen by diffusion in air and water as 
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3.0 lo'^ Oj molecules 
R"' kg ■ s 



(4.4) 



and 



= 0-03 s,i 



9.1 10“ molecules 
kg • s 



(4-5) 



The oxygen demand d of the tissue and the diffusive supply s are plotted in 
Fig. 4.6. One can see that for very small animals the diffusion supply is much 
greater than the tissue demand. However, for large radii the diffusion rate is too 
small. The crossover point is at the radius R^ where s = d, or R^\^= ■ 3.0 • lO^V 

1.09 • lol^ and 9.1 • lO^V 1.09 • 10'*. This yields the maximum cell radius 

for which the whole cell receives oxygen to support the basic metabolic rate F. 

•^m,w= 1-38 • 10-5 h/5. ( 4 . 6 ) 

The first relation can be used to calculate the maximum radius for a mam- 
malian cell, where the metabolic factor b^=i. The mammalianbody is a watery en- 
vironment, hence R^ w“^3‘^ h™- Cells that have a smaller metabolic consumption 
(where b^ is larger than 1) can be larger. Bacteria generally stay below this maxi- 
mum size. Typically a bacterium has R~i pm. If a particular cell needs more 
oxygen, it must be smaller than R^. 




Fig. 4.6. Oxygen demand d and diffusion supply s as function of cell radius R, for b=i, 
and b=io 



Of course animals need not be spherical. Animals of cylindrical shape or flat 
body design have more surface area per unit mass. The surface to volume ratio is 
still larger, if the organism has vented holes, such as the tracheal system of the in- 
sects. 
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4.2 Convection and Pipe Flow 

The simplest convection system is found in animals that only have one opening 
which alternately functions as the mouth or the anus. The first improvement is a 
flow-through system with separated mouth and anus organs. Still, major parts of a 
larger body can not be reached by nutrients from a single duct. The next improve- 
ment is a convective transport system, such as the blood system with many branch- 
ing pipe connections and one or more pumps and valves. All vertebrates employ 
the hemoglobin molecule as the shipping crate to transport oxygen in the primary 
(blood) system as well as various different molecules to move other components. 



Hier sitzt der Mann aufseinem Sitze 
und isst zum Beispiel Hafergrutze. 
Der Loffelfiihrt sie an den Mund 
sie rinnt und rieselt durch den Schlund, 
und wird, indem sie welter Iduft, 
sichtbar im Bduchlein aufgehduft. 
So blickt man Mar wie selten nur 
ins innere Walten der Natur. 



Here rests a man with happy zeal, 
starting to eat his porridge meal. 

The spoon converts it to his lips 
whence oatmeal down his gullet slips. 
As it drops down by gravity 
it piles up as nutritious sea. 

Thus you obtain some rare displays 
of nature’s complicated ways. 



Wilhem Busch (translated by the author) 




heat loss 



free flight balance 



sound detection: 
direction, 
source 



^ convection 



distance 




Fig. 4.7. (a) Primitive convection system according to Wilhelm Busch [1884]. (b) Advanced 
convection system 



The motion of the transfer fluids involves diffusion, and convection through 
pipes. Important physical parameters are the mass flow (or flow rate) /, the flow 
velocity u, the pressure drop Ap along a pipe section, the density, and the radius R 
of the flow duct. The densities of air and water differ by about a factor 1000: 
Pwater= 1000 kg/m^, and kg/ml. Reference quantities of fluid flow are the 

Reynolds number Re=uR/v, where V is the viscosity, and the speed of sound 
Cj,=V(7RgT//r), where R =8.31 J/mol-° is the universal gas constant, yis the adia- 
batic exponent, and p the molecular weight. For instance, for air one has Y^i=t.4 
and Paij.=o.029 kg/mol, hence the sound speed in air (1.4 • 8.31 • T! 0.029), or 
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^s,air“ (4-7) 

In addition one may need to find the hydrostatic pressure Ap = p g Ah, and use 
the gas law, which connects the temperature T, the volume V, the number of moles 
enclosed in the volume, and the pressure p: 

pV=N^R^T. ( 4 . 8 ) 

Slow flow is laminar and easy to push through a conduit. Fast flow turns turbu- 
lent, requiring a larger pressure difference to maintain it. Therefore organisms try 
to keep the flow laminar. Laminar flow in pipes has Reynolds numbers below 
2300. Very fast flow, where the speed u exceeds the velocity of sound Cg,is not of in- 
terest in this chapter. 



4.2.1 Pipe Flow and Bernoulli Equation 



The motion of fluids and gases can be described with three physical principles: 
(i) the conservation of mass, (ii) the conservation of momentum, and (iii) the con- 
servation of energy, summarized in Table 4.2. 

A fluid flowing through a pipe of radius R always clings to the wall of the pipe 
and acquires the largest velocity in the middle. This velocity profile is shaped by 
viscous forces, which involve the viscosity rj of the fluid. However, it is often prac- 
tical to define an average velocity Of primary interest in a pipe system of cross 
section area A = nR^ is the mass flow J kg/s. The volume flow tp mVs traveling 
through the pipe per second' is found by dividing J by the density p 



; = p A kg/s, and p = u^^A^= ]lp mVs . 



(4.9) 



Arteries may become constricted by disease, and change their cross section 
area rapidly from some value A^ to the constricted value A^< A^. Thereby the flow 
velocity must change locally. The same mass flow J must pass through every sec- 
tion of a pipe. Then the flow velocities are related as J=Pu^^,A=p u^^^A. or 






(4.10) 



This relation is the conservation of mass. It shows that the blood must flow 
faster through the constriction, and thus become turbulent. 

The pressure in a pipe is closely related to the flow velocity, and the density. Note 
that the hydrostatic pressure p measured in N/m^= (kg m/s^)/m^ has the same di- 
mension as dynamic pressure 0.5 p (kg/m 3 )(m/s)^. These two quantities are con- 
nected by the conservation of momentum, known as the Bernoulli equation^: 

' This equation was used already in an example dealing with heat convection. 

^ The Bernoulli equation is an approximation of Newton’s equation for fluids, called the 
Navier Stokes equation. It can be used when viscous forces in the flow can be neglected. 
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p^ + OSpul = p^ + OSpul. ( 4 . 11 ) 

The Bernoulli equation connects the parameters p^, u^, p^, and at two different 
locations in the flow. The simple message of the Bernoulli equation is that pres- 
sure must be low when the flow velocity is high. When the velocity is zero the flu- 
id attains the stagnation pressure. 

The Bernoulli equation can be used to determine the speed at which fluid es- 
capes from a pressurized vessel. It could be the speed of water ejected by a jelly 
fish or the speed of blood squirting out of a blood vessel that is punctured. 

Example: Suppose it is observed that the cherry size jellyfish polyorcas ejects water 
at a speed of 8.0 cm/s. Since the water is essentially at rest inside the body cavi- 
ty, o Eq. (4.11) reduces to Pin+o = Pout '*'°'5 P^e]‘ animal has to generate the 

excess pressure ^p=Pi^~Pont~ ’ lo^' 0-o8^-3-2 N/m^ in order to produce the out- 
flow. 

Animals use flow to move materials rapidly though the body. The flow is gen- 
erally conducted through arteries and veins. High flow velocities require large 
pressure differences, which are maintained by special organs: hearts. 

When fluid moves slowly through a vessel the flow is laminar. However, when 
fluid propagates too quickly the flow turns turbulent. Animals try to avoid turbu- 
lent flow in their arteries because the pressure drop Ap is larger and it takes more 
power to move turbulent flow through a pipe section. 



Table 4.2. Equations of mass, momentum, and energy, pressure p, Reynolds number Re, 
viscosity v 



type 


flow without viscous forces 


flow with friction 


mass flow 


f = P“av.l^l = P“av,2^2 [kg/s] 
average velocity 


f=P»av,l^l=P“av,2^2 


volume flow 


V = u^^A [m 3 /s] 


9 = »av^ 


momentum 

equation 


Navier Stokes (N-S) equation 

p (dw/df)=p ( 5 w/ 5 f)+p w grad u = ZP= — grad p + viscous force 


Approxima- 
tions of the 
N-S equation 

energy 


Bernoulli equation, 
incompressible flow like water, 
u^, are average velocities 
p^+ 0.5 pul=p^+ 0.5 pu^ 
kin energy per unit volume 0.5 p 
potential energy/ unit volume p gy 


drag force acting onto sphere, radius R; 

Re < 100, Stokes friction Fj^=6uRt] u 
drag force on object of cross section area A, 
Re > 100, hydro drag Fp= fi AC^p 


laminar & 
turbulent 
in pipe 


pipe: laminar flow Re = iRulv < 2300,^ 
radius R, length L, pressure drop Ap 
turbulent flow Re > 2300, — > 


Hagen Poiseulle: J= {nR'^/8v){Ap/L) 
flow resistance 8vLi{n R^) 

Darcy- Weissbach J=2kR^^^^ [p Ap/(AL)] 
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4.2.2 Laminar and Turbulent Flow 



Flow through a pipe can be slow and uniform, called laminar, or fast and erratic 
called turbulent. In both cases the fluid sticks to the walls; the flow velocity at the 
wall is zero. Laminar flow in a pipe has a velocity profile u{r) that looks like a 
parabola. Fig. 4.8 a. The farther away from the wall the faster the fluid can move. 
This velocity profile is steady - namely it is always the same, and comes about be- 
cause adjacent layers of the fluid cling to each other due to the action of the vis- 
cosity rj. 





Fig. 4.8. Velocity and pressure profiles in pipe flow, (a) Laminar flow, (b) Average values, 
(c) turbulent flow 



The adjacent radial layers of fluid exert onto each other forces in axial direction 
F^=Arj du(r) /dr, which must be overcome by the pressure differences between the 
inflow and the outflow end of the pipe. The forces depend on the kinematic viscos- 
ity V =rjlp. Water has V^=io“® mVs, blood is more viscous it has Vy = 4- io“®mVs. 
Other values for viscosity are given in Table 3.4 

Laminar flow in a pipe is smooth, see Fig. 4.9. However, some regions in flow 
close to stationary objects may have turbulent boundary layers. Turbulent flow. 
Fig. 4.10, is made up of countless eddies embedded between segments of mean- 
dering rivulets and stagnant fluid [Loewn et al. 1986]. Therefore the velocity is not 
always the same at a given place. Turbulent flow in a pipe. Fig. 4.8 c may be char- 
acterized by an average flow velocity profile that is broader than in laminar flow. 
Fig. 4.8 a. The eddies contain a great deal of internal energy, stored in rotational 
motion, and pressure - volume work. 

For all flow situations one can characterize the fluid state by a velocity and a 
length dimension combined into a convenient dimensionless number: the 
Reynolds number Re. One can think of this number as the ratio of inertia forces 
Fjnert visCOUS forceS Fyjj,. 

Re = Du/v=F[^^JF^^^. (4.12) 

u is a typical velocity, and D is a typical distance, measured at right angle to the 
flow. The typical distance could be the diameter of bacterium that is swimming in 
a fluid, or the diameter of an artery through which blood is streaming. Flow sur- 
rounding an object like a bird wing of span width D becomes turbulent for Re < 50. 
Flow in a pipe of diameter D becomes turbulent if the Reynolds number exceeds 
the critical value Re,rjt= ^ “ 2300. 
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Fig. 4.9. Obstacle at the wall of a flow field. Exposure time 1/40 s, u = 37 cm/s. Photo 
Friedrich Ahlborn [1918] 

Objects, which are placed into a laminar pipe flow, may render the flow turbu- 
lent. This could for instance happen when an artery has a constriction, or a blood 
clot clings to the wall of a blood vessel. The turbulence might just affect a small re- 
gion of the flow or it could stretch across the whole flow field. Remember that fric- 
tion forces can be neglected for ReS>i, and inertia effects can be neglected for 
Re <sC 1. Some typical Reynolds numbers encountered by animals are shown in 
Table 4.3. 



Table 4.3. Reynolds numbers of some moving objects 



animal 


Boeing 

707 


whale 


dolphin 


Canada 

goose 


swallow 


crane 

fly 


sperm 


Re 


3 ■ 10* 


= 5 ■ 10^ 


=10® 


= 5 ■ 1 q 5 


= 5 -io 4 


= 10^ 


= 10"4 



Animals avoid turbulent flow in their circulatory systems, because much larger 
pressure differences are needed to push turbulent fluids through a pipe. Should 




Fig. 4.10. Turbulence behind a grid. Exposure time 60 s. Diameter of the grid bars 
D = i 2.6 mm, mesh size L = 51 mm u~i$ cm/s. Re » 7,500. Loewen, et al. [1986] 
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the blood flow become turbulent, the heart would have to use more power in or- 
der to pump the blood through the primary system. Similarly an object that 
“swims” through a fluid experiences a much larger drag force once the flow sur- 
rounding it becomes turbulent. 



4.2.3 Pressure Drop in Blood Vessels 



The Bernoulli equation shows that one needs a pressure difference to generate flu- 
id flow. In narrow pipes, like blood vessels, the flow is affected by friction. In order 
to determine the pressure drop and the power that is needed to push a steady, fric- 
tion dominated flow through a pipe one can use another approximation of the 
Navier Stokes equation, namely the Hagen Poiseuille relation, where only the vis- 
cous forces and pressure forces are retained. 

Consider a fluid of viscosity v flowing through a pipe of radius R and length L 
driven by the pressure difference Ap. Due to the viscose forces the velocity u{r) 
varies laterally as shown in Fig. 4.8 a. However, one can always define an average 
velocity to characterize the total mass flow J. The Hagen Poiseuille equation 
gives this mass flow for laminar {iRulv < 2300) and steady flow as 



J = pu^^nR^ 



nR'^ Ap 
8v L 



(4-13) 



The Hagen Poiseulle equation can be used to determine the pressure drop Ap 
needed to push a certain blood flow volume through an artery. 



Ap 



JL- 8 V 

nR‘' 



(4-14) 



Example: the neck of a giraffe may have the length L = 4.0 m. Assume that the blood 
flows at a velocity of u = o.3 m/s, through an artery of r = 3mm radius, which is an 
area A = 7t- (0.003 m)^ = 2.8 • io ”5 m^. This yields a blood flow volume of (p = uA = 
8.4- lO^^mVs, or 8.4 cmVs, and the mass flow / = p(p = 8.4 • io "3 kg/s. When numbers 
are entered for J, L and R in (4.14) one finds Ap = {8.4 • io ~5 kg/s • 4.0 m ■ 8 • 4 • 
10"® mVs}/(7t • 0.003 m'*) = 4.21 o 3 N/m^ Such a pressure drop corresponds to about 
4/100 of an atmosphere. This calculation is correct only if the giraffe stretches its 
neck horizontally forward. If the head is held up one must also consider the hydro- 
static pressure difference. The blood in the artery of the upright held neck is like a 
column of fluid of the height Ay = L. For a neck length of I = 4 m the hydrostatic pres- 
sure difference Ap=pgAy between bottom and top is Apj^j=io3kg/m3-9.8i m/s^- 
4.0 m = 3.92 • lo^'* N/m^ = 0.4 atm. The blood should arrive at the head with a pres- 
sure 1.0 atm, so that the tissue does not implode. Then the heart must provide 

the pressure Pheart~^P"’"^Phs"*"Phead ~°'°4 atm +0.4 atm + 1.0 atm = 1.44 atm. This 
internal pressure is much higher than in most other vertebrates. For instance, the hu- 
man heart pumps blood into the aorta atpjjj.^j.j= 1.1 atm. 
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The Hagen Poiseulle equation is also useful to determine the metabolic costs of 
pumping a mass flow J of blood through blood vessels. The volume flow through 
the pipe is (p=Jlp. The power P (measured in Watt) that is needed to drive the 
mass flow through the pipe is the product of pressure drop and flow volume 

„ . r-L-Sv , , 

P = ^p(P = ( 4 - 15 ) 

pn-R^ 

To pump blood into the head, when held horizontally, the giraffe must expend 
the power P = Ap (p = 4.2 • 10^ N/m^ • 8.4 • io“® mVs = 3.6 • 10“^ W. 

The quantity Ajjp= 8 V L / represents the mass flow resistance. The flow re- 

sistance is akin to the electrical resistance in an electrical circuit, and the power P 
is the equivalent to the Ohmic loss in an electric circuit. Part of the metabolic rate 
r is the cost of pumping the blood through all the veins and arteries of the body. 



4.2.4 Flow Control in Blood Vessels 

The veins and arteries in animal bodies are laid out to supply blood to all organs 
under all conditions. When a muscle is suddenly strained, or the brain has to solve 
a difficult problem, the blood flow must be increased. When the extremities loose 
too much body heat the blood supply must be reduced to prevent deadly hy- 
pothermia. This throtteling is accomplished by muscles that change the vessel di- 
ameter. 
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heart contracting artery 




Fig. 4.11. (a) Section of blood vessel with muscle contracted to reduce the blood flow, 
(b) Simple heart with attached artery 



A small change of radius of a pipe produces a large change in flow rate provid- 
ed the pressure drop Ap along the pipe is kept constant. Fig. 4.11a. To show this ef- 
fect we write The Hagen Poiseulle law for the mass flow rate in the form J=C-R\ 
where the pressure drop Ap, the length of the pipe L, and the viscosity v have all 
been lumped into the constant C. Take the natural logarithm, namely 
In 7 =ln C-FlnP 4 =ln C-F4lnk, and differentiate to get AJIJ = 4AR/R. For instance 
if the pipe radius is reduced by only AR/R = 10%, the mass flow will be reduced by 
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A///= 4 • 10 % = 40%. This effect gives rise to an easy way to throttle flow in the pri- 
mary system: reduce the radius of a blood vessel by constricting some muscles. 

An asymmetric muscle or two muscles that contract subsequently will move 
fluid in a preferred direction. This is the peristaltic motion of the esophagus, or 
the action of muscles surrounding the blood vessels to assist the heart. In fact a 
section of pipe with an asymmetric muscle is a primitive heart. One case in point 
is the action of the aorta. Heart and aorta are show schematically in Fig. 4.11b. The 
aorta is elastically expanded by the discharge from the heart. Subsequently it con- 
tracts due to its own elasticity. When the radius contracts by the small amount dR 
the small volume dV^= 27 tRdRL is lost, and blood is expelled. It occupies the vol- 
ume dV^=KR^dz. By conservation of mass one has 2KRdRL=nR^dz, or dz = 
(iLIR)- dR. If this contraction occurs in the time interval df one can relate the 
contraction velocity u^=dRldt to the flow velocity u^=dz/dt of the escaping fluid. 



Suppose the cross section area of veins or arteries is reduced through deposits 
such as cholesterol. Then the flow resistance increases and the mass flow rate will 
go down. An increase in pump pressure by the heart will maintain the same flow 
volume. However, due to the conservation of mass the flow velocity must go up, 
see Eq. (4.9). If the velocity gets too high the flow will turn turbulent, and the pres- 
sure must again be increased to get the flow through. This likely changes the flow 
from laminar to turbulent, where dead water and eddies occur behind the obsta- 
cles, so that further deposits may accumulate. This is a vicious circle that often 
ends in a stroke or in the a rupture of the vessel. Some migraine headaches have a 
similar cause. 

4.2.6 Why Turbulent Flow Is Bad 

The Hagen-Poiseuille (4.13) relates the mass flow rate J to the pressure difference 
Ap. Similar as in Ohms law for electrical currents one can define the Hagen- 
Poiseuille pipe resistance is 



Turbulent flow through a pipe is described by the Darcy Weissbach equation: 



u^=dJdt = {2LIR)u^ 



(4.16) 



4.2.5 Strokes 




8vL 



(4-17) 




(4.18) 
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The pipe resistance coefficient X depends on viscosity v, the surface roughness, 
and the Reynolds number, see Fig. 4.12. From the Darcy-Weisbach relation one 
finds the mass flow rate J=upnR^ for turbulent flow 

J = 2 n-R^'^ - . (4-19) 

V A-L 



The two different scaling relations are summarized in Table 4.4. 



Table 4.4. Mass flow as function of pressure difference 



laminar 


turbulent 


/ oc r"* Ap 


J cc 



This scaling shows that turbulent flow is harder to control than laminar flow: 
To double the mass flow rate in laminar flow one can either double the pressure 
drop or increase the radius by 25%. In turbulent flow one would have to quadru- 
ple the pressure drop or increase the radius by 40%. For this reason animals main- 
tain conditions of laminar flow in their circulation systems. Then the flow resist- 
ance of the pipe system is small, and the mechanical cost of pumping the blood is 
kept at a minimum. 




Fig. 4.12. Pipe resistance A given in m 's ' for smooth pipes as function of the Reynolds 
number Re 



4.3 The 'Highway System' of the Body 

Nutrients and oxygen are carried through the body by the cardiovascular system. 
Higher vertebrates have two main circuits driven by a double pump, and numer- 
ous parallel- and series branches. Fig. 4.13 a. One can compare this fluid system to 
an electrical circuit. Fig. 4.13b. Fluid flow and electrical currents have some things 
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in common. The electrical current I corresponds to the fluid mass flow J, the volt- 
age drop V compares to the pressure drop Ap, and the flow resistance X is analog 
to the electrical resistance 

The flow processes of heat Q’, mass, ], particles n\ and electrical current I fit 
into the general scheme of fluxes and forces first encountered in Sect. 1.2, when 
discussing flow processes that “go by themselves”. Each flow is driven by a force or 
potential: AT for heat flux, Ap for mass flux. An for particle flux, and voltage drop 
AV for electrical currents I. Each flow encounters a resistance and incurs a loss of 
potential. The potential loss is the price for maintaining the flow. Each process in- 
creases the entropy of the universe, as a consequence of the action induced by the 
potential. 




Fig. 4.13. (a) Primary blood circulation system, (b) electrical circuit equivalent 



4.3.1 Pressure and Velocity in the Arteries 

Blood is the transport medium of the cardiovascular system. Approximately 7% of 
the body mass of an animal is blood and is pumped through the body by the heart. 
The mass of the heart varies from about 0.8% of body mass for birds to ~o.6% for 
mammals, to =0.2% for cold blooded vertebrates. The pressure in the arteries 
varies with the heart-beat between the systolic (high) value and the diastolic (low) 
value. Consequently the blood flow velocity fluctuates as well. Figure 4.14 shows 
the velocity as function of time. In this vessel the peak (systolic) velocity reaches 
about 60 cm/s, and the minimum (diastolic) velocity is 3 ° cm/s. The 
average blood velocity is approximately 40 cm/s. 



blood velocity 




Fig. 4.14. Blood velocity in one of the arteries of the author’s head measured with laser 
Doppler anemometry 
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The average pressure declines steadily from point (a), see Fig. 4.13 at the outlet 
from the heart to (b) before it enters the capillaries system to point (d) at the inlet 
to the heart. This pressure difference pushes the blood through various parts of 
the system. Figure 4.15 shows the pressure schematically. 

The cardiovascular system is only one part of the metabolic circuit. The other 
part is the breathing apparatus. Both are tuned to accommodate the shipping 
crates for oxygen: the hemoglobin molecules in the red blood cells. 




heart arteries arterioles capillaries venules veins 
Fig. 4.15. Pressure in the blood system, 1 atm = 760 mm Hg = 760 torr = 1.013 ■ io5 N/m 



4.3.2 The Hemoglobin Connection 

Animals move around, reproduce and grow, copy their own building plan, per- 
ceive their environment to extract benefits or to cope with its dangers, and they 
communicate. Such activities require energy, which is produced at the metabolic 




Fig. 4.16. Tissue, blood flow and breathing 
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rate that depends uniquely on the body mass M. Metabolic energy production 
arises from the reaction of fuel and oxygen. 

Oxygen is convected in the body by the blood, where it is bound by reversible 
adsorption to hemoglobin molecules residing in the red blood cells. The blood is 
charged with oxygen in the alveoli of the lung at a rate determined by diffusion. 
The lungs are purged and refilled at a steady breathing rate/. The need for supply- 
ing every cell of the body with a steady flow of oxygen therefore connects breath- 
ing and heartbeat to the metabolic rate r=b- 3.6 The metabolic rate sets en- 
gineering design criteria for the number of capillaries, the volume flux of the 
blood, the size of the largest blood vessels, the power of the heart, the surface area 
of the lung, the size and number of the alveoli, and the breathing frequency. These 
body parameters will be derived in the following sections [Ahlborn et. al 1998]. 
The starting point is the specific metabolic rate F/M, discussed in the first chap- 
ter, y= FIM=3.6bM~^^‘>. Remember that in all allometric relations the factor 
a = 3.6 in front of the mass M carries a dimension, and it is derived assuming that 
the mass is given in kg. 

The metabolic power is supplied by the release of the enthalpy of reaction 
h~30 kj/g of hydrocarbon molecules. Therefore, the fuel consumption of an 
animal of body mass M is 



/ 



fuel 



_r 

Ah 



(4.20) 



Equation (4.20) is the basis for all allometric relations derived here. 



4.3.3 How Much Oxygen Does the Body Need? 

In order to maintain the metabolic rate, all animals must transport oxygen to each 
and every cell in their bodies, and they must remove CO^. 

In single cell organisms and in very primitive multi- cellular animals this trans- 
port occurs by diffusion alone. Diffusion is a convenient process since it does not 
cost energy; however, diffusion requires large concentration gradients, and it 
works only over small distances. No larger animal could have come into existence 
if diffusion was the sole mechanism of material transport. Animals could grow in 
size only after animals had “discovered” a highly efficient transport vehicles for 
oxygen and carbon dioxide: the hemoglobin molecule. These massive molecules 
are imbedded in red blood cells, which in turn are suspended in the blood fluid 
and are distributed by a central pump, the heart, to every part of the body. The red 
blood cells are the tank cars shuttling on the bloodstream highway between tissue 
and the lung, where they load and unload oxygen, and carbon dioxide, by diffu- 
sion. 

Hemoglobin molecules have 4 sites which accept one 0 ^ molecule each if the 
external 0^ concentration is high, and which release this 0^ molecule if the exter- 
nal oxygen concentration is low. Fig. 4.17. For humans, the hemoglobin molecules 
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Fig. 4.17. Oxygen loading in the blood of different animals as function of the partial pres- 
sure of oxygen 



charge up fully if the partial pressure of oxygen reaches about 10 kPa, and they 
give off the oxygen if pQ^ falls below 2 kPa. The hemoglobin molecule also binds 
and releases carbon dioxide in a similar fashion. 

On the lung-end of the oxygen convection system, the red blood cells are rap- 
idly charged because the oxygen partial pressure in the lung is on average 
P02 lung “ 13 kPa. This is well above the 90% oxygen saturation pressure of the he- 
moglobin molecules. On the tissue-end the diffusion rate should slow down as 
more and more oxygen is flowing out of the red blood cells. These tank cars have, 
however, a convenient property, known as the “Bohr effect”: red blood cells also 
readily absorb CO^, which increases the partial pressure of the 0^ component, just 
as if a heavier fluid had been pumped into the tank car so that the 0^ would float 
up and increase its pressure head [see for instance Schmidt Nielsen 1993]. Typical- 
ly three oxygen atoms (Mq= 16 • 1.6 • lo”^^ kg) are needed for each carbon molecule 
(M(,= 12) with its 2 hydrogens attached {M^ = 1) in the hydrocarbon chain to pro- 
duce one carbon dioxide molecule, and one water molecule. The sketch below 
shows this reaction symbolically and gives the molecular weight of the con- 
stituents. 

H 

3O -F C = H 0 -I- CO, 

H 

3-16-1-124-2 = 24-16-1-12-1-32 

Therefore, the mass ratio of the oxygen and fuel molecules is ilToxyg^^fuel“ 
48/14=3.4, or M =3.4Mf^gp and the oxygen consumption (flow rate) is 
3.4 7f^gj=(3.4/A/z)r'kg/s. For the further calculations we set h = 30,ooo J/g, and 
convert the mass flow rate J kg/s into a particle number flow rate AT by dividing 
by the mass of the oxygen molecule: Mg^=32- 1.6- io“^^kg. This yields 
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AT = 2.21 • 10^®- b 3.6M^^4= 7_p2 • 10'* b Afb oxygen molecules/sec, where b is the ac- 
tivity factor. 

The oxygen storage in the blood is so efficient that one cubic centimeter of 
blood can carry about as many oxygen molecules as one cubic centimeter of air at 
standard pressure and temperature, namely no^=5 • lo^'* O^molecules per mf 
Therefore, the volume flow of oxygenated air or blood is given as 

q> 1.5 • 10'® • b ■ [m^blood/s, or m^air/s]. (4-2i) 

For a person with M=jo kg the volume flow for the resting body {b = i) 
amounts to 37 cm^/s, or 2.2 liter/min. Actually the inhaled air flow is larger than (p 
in order to keep the oxygen concentration in the alveoli sufficiently high to en- 
hance the diffusion rate. A typical person breathes about 6 liters/minute. This flow 
rate sets several allometric relations for the blood system, as we will see shortly. 
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Fig. 4.18. (a) Red blood cells squeezing through a capillary, = 10 pm, length l^~io mm. 
(b) partial pressure of O^, molecules at various points shown in Fig. 4.16 



All cells of the body must be bathed in oxygen and must get rid of carbon diox- 
ide. This is accomplished by red blood cells drifting in a vast network of arteries, 
veins, and capillaries, which provide the highways and byways for the blood. The 
capillaries of big and small animals have about the same diameter, namely 
~ 10 pm, which is equal to the diameter of the red blood cells That both di- 
ameters are equal is easy to understand. The red blood cells are then as close as 
possible to the walls of the capillaries. This maximizes the diffusion flux and it 
also helps to polish the capillary walls. 



4.3.4 How Many Capillaries? 



4.3 The ‘Highway System’ of the Body 



147 



The number of capillaries can be evaluated if the diameter of the capillaries, 
and their approximate length are known. Diffusion carries the oxygen into the 
tissue, and diffusion only works over short distances. Therefore, the distance x 
from the wall of each capillary must be small. We assume that the maximum dis- 
tance should be < d^, and that a typical capillary has the length l ^~5 mm. 

Then we assign to each capillary a small volume element which has the radius 
r^=r5 pm = r.5d^, and the volume A 17 = Z^7t(i.5d^)^ = 5-ro”3-7t(r5-io“®)^=3.5-io“^^m3. 
The whole body of volume must be divided into such volume ele- 

ments. Their number is 

^c=^body/^K= (i- 5 ^c)^= ^-^3 • 10*M . (4.22) 

For simplicity we approximate the density of blood as p = r 000 kg/m^, and set 
h = \. Typically a person with M= 70 kg then has AT,® 2 • 10'° capillaries. The average 
flow velocity in these capillaries can now be calculated. The total fluid volume flux 
(p must be split up into parallel channels, yielding a flux (p^=(plN^=i.^- 
ro“®M^V 2.83 • ro*M = 6.3 • io“^5j\4-T4 pgj- channel. This volume flux must pass 
through the area A^=7t (0.5 d^)^. Therefore, the blood in the capillaries has the av- 
erage velocity u^= 6.3 • • 10“®)^= 8 • lO’^M'^^'tm/s. This yields 

u^=2& pm/s for a person of M=/o kg. The blood is slowly creeping through the 
capillaries allowing for the complete unloading of oxygen from the red blood 
cells. 



4.3.5 Laminar Flow in the Aorta 

Any pipe system with the volume flux (pm^ls, with the average flow velocity um/s 
and diameter d m can be characterized by its Reynolds number Re = d- ulv. The 
kinematic viscosity of blood is typically 4 • io“® m^/s. For a given flow rate 

(p = n{dl2yu, the radius r= d/2 can be given as function of Re and (p: 

2 <p , 2 (p 

r = , or conversely Re = . (4.23) 

71 - Re- V n-v-r 

Thus the flow velocity u can be given as function of r, v, and (p, namely 
7t Re^-v^ 

u = . (4.24) 

4 (P 

Equation (4.23) shows that for the same flow rate a narrow pipe has a higher 
Reynolds number than a pipe with larger radius. Equations (4.23) and (4.24) can 
be used to characterize the flow in the aorta through which all the entire flow vol- 
ume (p must pass. If the flow were to remain laminar at a Reynolds number of say 
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Re < 2000, the radius of the pipe could not be smaller than (p/1000 n ■ V. With 
this assumption the aorta would have radius, area, and flow velocity 

''aorta “ 4.5 • io~^ and u^o,ta- 31-6 M-"4 m/s. (4.25) 

Radius and velocity are lower limits because it is known [McKay 2002] that 
some big vessels actually contain turbulent flow. Further, the calculations were 
based on an activity factor b = i, but the ventilation system must accommodate 
metabolic rates that might exceed the resting state by a factor b ~ 10. It must also 
be acknowledged that blood is a fluid in which the viscous forces are not exactly 
proportional to the velocity gradient. Such liquids are called “non-Newtonian” flu- 
ids. The particles tend to bunch together in the middle of a channel, flowing at a 
speeds that does not change with radius, while large velocity gradients are gener- 
ated near the wall. The Reynolds number based scaling calculated here may be 
considered a lower limit [e.g. see Clark 1927] for experimental results quoted by 
Schmidt-Nielsen as ^^^^.^^-9.4 • io“®M°-*^. Obviously there are some other biolog- 
ical demands that influence the aorta size. 



4.3.6 The Power and Frequency of the Heart 

A blood system is a necessity for all higher animals. What is the energetic cost, 
namely the power of the heart driving this convection system? Power is the prod- 
uct of volume flux (p m^/s, and pressure drop ApN/m^. 



P = (p ■ Ap (4.26) 

The flow volume (p is fixed by the metabolic rate. The average pressure head 
generated by the heart is approximately constant for all mammals [Schmidt- 
Nielsen 1993 ], namely 13 kPa [Tenny and Remmer 1963]. Therefore, the re- 

quired power of the heart is 



P=i3 kPa- 1.5 • 10 ® h mVs = 1.95 • 10 ^ h M^''t W . (4.27) 

Typically for a man the power of the heart is clearly only a 

small fraction of the total metabolic rate at rest /"= 3.6 • = 87 W. It is a small 

price to pay for the benefit of keeping the body supplied with oxygen and nutri- 
ents. 

The relation P=(p Ap can also be used to derive the allometric relation for the 
heart frequency. The heart can be thought of as a pump with a displacement AV", 
and a frequency/. The volume flux (p must be equal tofAV. Therefore P=fAVAp. 
As stated above the pressure head of the pump is independent of body mass; how- 
ever, the mass of the heart and hence its volume, and by inference the displace- 
ment AI^ scale as the body mass M. Hence P = const This result can be 

combined with Eq. (4.27) which scales as P = const to yield 
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/M const = const , or /= const M . (4-28) 

This relation shows that large animals have a slower heart beat than small ones. 
Equation (4.28) can be used to estimate the pulse rate of a mouse knowing that a 
person typically has 72 beats per second 72/60 s = i.2 Hz. We write the 
Eq. (4.28) for mouse and man and take the ratio 

then4„^3e=/man- (^man/^mouse)‘'"= ' 7-7 = 9-2 Hz. 

The mechanical energy per stroke cycle of the heart can also be derived from a 
pressure-volume diagram, Fig. 4.19. In an example given by Gordon [2001] the 
volume varies between 35 cm^ and 100 cm^, while the pressure varies between 3 
and 120 torn The cycle is executed in counterclockwise direction, requiring an en- 
ergy input of 0.9 J. 



1 . 2 - 10 ® 
pressure 

1 . 1 - 10 ® 

Pa 

1 - 10 ® 

0 volume 4-10“® 8-10“® 0.00012 

Fig. 4.19. p-V diagram of a heart according to Gordon [2001]. Stations of the cycle: (1) Inlet 
valve opens, (1) — > (2) volume expands admitting blood. (2) Inlet valve closes. (3) Outlet 
valve opens, (3) ^ (4) volume is reduced, and blood flows into the aorta. (4) Outlet valve 
closed 




The work AW done by the heart is the area enclosed by the curve, namely the 
integral of the pressure as function of the volume AW=Ap dV. This quantity can 
be estimated from the area of the rectangle defined by the average maximum and 
minimum values of pressure and volume; AW= (Pmax“Pmin) ' = 

(1.16 • io5- 1.02 • io5) N/m^- (1.0 • io“ 4-3.5 • io“5) m3 = o.9i }. If this heartbeats 
72 times per minute it will consume the power P= 0.91 J • (72/60 s) = 1.09 W. This is 
the same order of magnitude as calculated under (4.27) with the metabolic power 
and a constant pressure drop 



4.3.7 The Ventilation System 

The main function of the breathing system is to permit the diffusion of oxygen 
into the blood stream. The ventilation system consists of the windpipe, the 
bronchial tree and the alveoli which are mounted like the leaves of a tree, at the 
very ends of the finest branches. The alveoli are tiny spherical shells with very thin 
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surfaces which separate the blood and air, but permit the passage of oxygen and 
CO^ by diffusion. The total surface area of all alveoli together is quite large. The 
flow of oxygen particles is given by the diffusion equation, discussed in 
Sect. 4.1.1 



The oxygen must diffuse over a length of typically Ax = 10 pm. Diffusion con- 
stants have typical values of D = io“® cm^/s for oxygen molecules in an aqueous 
environment, and the number density difference is of the order of An = 10^® cm“ 3 . A 
certain area of lung surface A is needed in order to pass the particle densi- 
ty flux AT= 7.9 • lO^^hM^^'t ( 0 ^ particles/s) that is required for the metabolic 
processes. It can be calculated by solving (4.29) for the area, namely: 



For a person with M= 80 kg this area amounts to A = 10 m^. Actually our lungs 
are generously designed ^ with a typical area of 80 m^. This surface area of the lung 
is about 40 times larger than the total skin area of a human body, and it is 
squeezed into the lung volume which only occupies about 6% of the body Volume 
V=Mlp. Measurements of the lung volume, also called the vital capacity, have es- 
tablished [Tenny and Remmer 1963] that it scales as 

Vj = 5.7 • io“5M‘-°3= 0.057 (4.31) 

How can such a large surface area be squeezed into such a small fraction of the 
body? The trick is to divide the surface into a large number of small sub units, 
the alveoli, or air sacks, which are approximately spherical cavities. 

Neglecting the space between the spheres, one has = 

The diameter of these cavities is d^y=2(3Vj/47t All of them to- 

gether have a total surface area 



The area increases with the number of sub units N raised to the power 1/3. Typ- 
ically for man with M = 80 kg the surface area is 80 m^. It is known from measure- 
ments that the human alveoli have a diameter of about 200 pm [Astrand and Ro- 
hdahl 1970]. Their surface area is therefore A^^=47t (io“ 4 m)^= 1.3 • io“ 7 m^ yielding 
the number of alveoli N^^=A^/A^^= 8 o m^3 • io“^m^= 7 • 10*. This prediction is 
slightly larger than the measured value 2 • 10®, probably because a significant 
fraction of the lung volume is occupied by the bronchial tree. 



Nj;^=AD =AD molecules/s. 

dx Ax 



(4-29) 




(4-30) 




(4-32) 



3 The additional capacity may be needed when the body is working hard. 
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The allometric scaling of the lung area with body mass is obtained by substi- 
tuting (4.31) into Eq. (4.32) 

Ajoc (4.33) 

In fact the total number of alveoli is not a constant, but it will vary from one in- 
dividuum to the other according to the average oxygen demand. On average, soc- 
cer stars have more alveoli than physics professors. 



4.3.8 Breathing 

Air is inhaled in gulps (tidal volume) with each heaving of the lung. One can eas- 
ily determine this volume since the tissue compressibility of the lung [McKay 
2002], namely the ratio of the periodically expelled volume AKj and the total lung 
volume is constant: Ayj/V| = 13.6% [Schmidt-Nielsen 1993, p. 102]. Therefore the 
tidal volume is 



AI^= 0.136 7.7-10 ®Mm 3 . 



(4-34) 



In order to generate the volume flow cp = 1.5-10 the tidal volume AVj 

must be supplied at the frequency /[ so that (p =/j Vp or 




1.5 ■ 10^- m"'-* 
7.7 • 10^' -M' ”" 



= 0.19 • M . 



(4-35) 



The ventilation system is generously appointed since the breathing apparatus 
must have room for suddenly increased demand, and since it is also used to acti- 
vate the voice. 
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While the heart rhythm is regulated on a subconscious level, and cannot be 
changed at will, the breathing frequency can be varied arbitrarily. If these addi- 
tional demands were not imposed, the breathing frequency /=i/T could be opti- 
mized for the diffusion physics at the lung surface Aj. Diffusion depletes the oxy- 
gen number density n^=NJV^ in the alveoli, and increases the oxygen number 
density in the blood The blood in the capillaries of the lung (with the 

total volume acquires oxygen from the air and carries away an amount 
to power the metabolic body functions. In the absence of diffusion, the oxygen 
number density would fluctuate in the lung, somewhat like shown in Fig. 4.21. 




A/p 




Fig. 4.21. (a) Normalized diffusion flux, as function of time, (b) Number of oxygen mole- 
cules in the lung, (1) slow breathing, (2) faster breathing constant 



To model this process we approximate the gradual variation of volume by a saw 
tooth function, and describe the waxing and waning of oxygen numbers in the 
lung by the in-breathing rate and the removal rate B^^^{t), both measured in 
number of 0 ^ molecules/s. The coupling of these processes can be described by 
two differential equations 



= (4-36) 

^b(f)=^diff-^conv (4-37) 

The differential Eqs. (4.36) and (4.37) are coupled by the diffusion term derived 
from Eq. (4.30) 

K.(t) = A-D-^. (4.38) 

This system of coupled differential equations has been analyzed under the fol- 
lowing conditions: N’= 6 • ^2^^’ A = jom^, D = i8-io“® 18 cmVs, 

Ax = 10 pm. The rates and where set at the maximum value for which the 
volume flow rate of the air would remain laminar in the windpipe. The period 
T = i//was left as a variable parameter in order to see if the net diffusion rate 
for oxygen would depend significantly on the breathing frequency. 
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Figure 4.21 gives the following result: the diffusion flux has a shallow max- 
imum at 0.75 s. For shorter periods the diffusion flux drops off rapidly, be- 

cause the oxygen does not fill into the lung quickly enough so that stays too 
small. For larger periods drops off because the oxygen concentration in the 
alveoli is depleted by diffusion. However, the decrease is not very drastic and there 
is no significant penalty for breathing slowly. This has presented an opportunity 
for the evolution. 

The breathing apparatus, which was initially designed as a gas exchange system 
was eventually turned to other uses, (i) The air in the lung could also absorb wa- 
ter vapor to assist in temperature control of the body, (ii) The air could also be 
squeezed through vocal cords to produce sounds. Our singing voice and our social 
interactions through speech could not have evolved without spare capacity in the 
lungs. 

When interpreting these results, one must keep in mind that most organs of the 
body have multiple applications and that certain functions of the body are not op- 
timized for a single use. For instance the blood system not only transfers oxygen 
but also conveys fuel (like fat), and moves heat to the extremities of the body. 



4.3.9 Blood Circulation Time 

The blood is pumped through the body by the heart at a mass flow rate /j^. The to- 
tal blood mass is pumped through the heart within the circulation time T giv- 
en by T= m^l]. 

Taking typical values 5.0 liter=5 kg and J~o.o 6 kg/s one finds the blood 
circulation time T=5 kg/0.06 kg/s = 83 s. Most of this time is spent while the 
blood “oozes “ through the capillaries. At the capillary velocity u^= 28 pm/s and 
a capillary length of I ~ 2.0 mm the capillaries are traversed in the time 
Af = 2.0 • io “3 m/ 2.8 • io “5 m/s = 71 s. 



4.4 From Digestion to Propagation 

Fluid motion is needed to feed the body. Diffusion is a natural way to acquire ex- 
ternal resources. It works as long as the living organism keeps its molecular 
pumps going to maintain concentration gradients. However, concentration gradi- 
ents do not have a large reach. In order to feed large bodies, convection systems 
with pumps, valves, and pressure regulation had to be invented. 

When animals get larger, they rapidly deplete the local resources and then must 
move to another resource rich area. They have to be able to walk, swim or fly. Mo- 
bility is achieved with larger body sizes. A whole new set of physical phenomena 
appears, when animals become large and venture into the arena of long range lo- 
comotion. 

It is only a small step from oozing some body fluids into the surrounding to 
achieve jet propulsion. It is only a small step from having a wiggly tail to at achieve 



154 



4- Fluids in the Body 



small-scale random motion. However it is a larger achievement to swim aerody- 
namically with flukes and flippers. It is yet another step to walk on land, and raise 
the body up to trot and run. But the crowning achievement of propagation is to 
take to the wing and fly through the air. As we will see in a later section this can 
only be done by animals in a limited size range. 



Table 4.5. Frequently used variables of Chap. 4 



variable 


name 


units 


name of units 




sound velocity 


m/s 


meter/second 


D 


diffusion constant 


m/s 


meter/second 


J 


mass flow rate 


kg/s 


kilogram/second 


h 


length of capillary 


m 


meter 


n 


number of molecules 


m -3 


number/cubic meter 


Re 


Reynolds number 


1 




u 


velocity 


m/s 


meter/second 


N’ 


number of atoms per s 


particles/s 


meter/second 


r 


adiabatic exponent 


1 




(p 


volume flow rate 


m 3 /s 


cubic meter/second 


■^HP 


flow resistance 


i/ms 


i/meter & second 



Problems and Hints for Solutions 

P 4.1 Why Breathing is Complicated for Birds 

A certain diving bird winters near Vancouver and nests in the Arctic tundra to the 
east of the Rocky Mountains. At ground level the pressure is p^= 1 atm, which cor- 
responds to 10^ N/m^. The bird routinely dives to a depth of 15 m, where the pres- 
sure is much higher than at the surface of the water. On its migration, the bird 
crosses the Rocky Mountains at an altitude ofy = 4000 m. Determine the oxygen 
concentration (number of 0^ molecules/ cm^) in the air in the alveoli (lungs) of 
the bird a) on the ground, b) if the bird is swimming at a depth of d = 15 m under 
water, and c) at the highest point of the migratory flight. 

P 4.2 Breathing at High and Low Pressures 

How do animals cope with high altitudes where the oxygen concentration is very 
low? Describe the differences in the lungs of mammals and birds. How do sperm 
whales deal with the large change in external pressure when diving to large 
depths? 

P4.3 Balloon Ghost Animals 

Suppose a balloon-like simple animal has learned to generate H^ gas, so that it can 
float in the air. Assume such an animal weighed 3 kg, and 2/3 of the body mass was 
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needed to build the balloon for holding the gas. Calculate the radius R of the bal- 
loon, assumed to be spherical, and the skin thickness d. Discuss the problems 
which such an animal might encounter. 

P 4.4 Diffusion and Metabolic Rates of a Nudibranch 

A certain nudibranch, M=o.oo5 kg, living in the water carries the gills (mass m) 
outside its body. Assume that (i) the gills are 10% of the total body mass, (ii) the 
gills are tree-like structures that have branches with an average diameter of 
D=500 pm, filled with fine capillary vessels of d=io pm diameter right under the 
skin of the gills, a) Determine the surface area of the gills, b) Calculate the flow rate 
of oxygen N’q^ into the gills, c) Use the relation between AT, and F, which is derived 
in Sect. 3.3.2 to determine the metabolic rate of the nudibranch. e) Determine the 
metabolic constant a assuming that for these animals one can write F=aM^d_ 

P 4.5 The Primary System 

Assume that the flow velocity in the arteries of any animal is safely below the onset 
of turbulence. Assume that the pressure is adjusted so that the flow just stays 
below the threshold of turbulence Re = ud/v < 2000, so that the following scaling 
relations for the primary system apply: u ^=8 • io~^ld^mls, /= 27 td^kg/s, 
Ap^= io “3 L/d^ N/m^, N = {djd^y • (ApJAp^) ■ {LJLJ, where u^= average velocity in 
artery, d^= diameter of artery ,/ kg/s is the blood flow rate, is the total pressure 
drop across the heart, Ap^ is the pressure drop across the capillaries, d^ is the di- 
ameter of capillaries, and N is the number of capillaries. With this scaling calculate 
u^,J, Ap^, for: 

a) a big warm blooded animal (horse, giraffe...), 

b) a coldblooded animal (crocodile, lizard...), 

c) a small animal ( rat, bird ...), 

d) a grade one student and a well trained adult athlete. 

Comment on the numbers which you get. Do they make sense? 

P4.6 Careless Operation 

In an open chest operation the aorta of a patient has been accidentally punctured 
by a round hole of 2.0 mm diameter, a) What is the average pressure inside the ar- 
tery close to the heart? b) Why does blood escape out of the hole? c) What is the 
average velocity of the blood flowing out of the hole? d) How much blood will es- 
cape within the first 5 seconds? e) Could you use the same calculation method to 
accurately predict the blood loss in the first minute? (e) If a bypass of L = 0.30 m 
length and radius R= 0.002 m was inserted across the heart, and the pressure in 
the heart did not change during this procedure, how much blood would flow 
through the bypass in 5 seconds? 

P 4.7 The Aorta, Your Second Heart 

The aorta of a human cadaver has an inner radius of R^= 9.5 mm, and a wall thick- 
ness of AR^= 2.8 mm. It is L = 0.5 m long. In the living body the aorta is expanded 
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due to the pumping of the heart. In the diastolic state (d) the inner radius of the 
aorta is found to be R^= 13 mm. When the heart valve opens in the systolic phase 
(s) the blood volume AF= 70 cm^ is ejected. Half of this blood is initially stored in 
the aorta expanding its wall to the inner radius R^. This temporarily stored blood 
maintains the flow after the heart valve has closed. Assume a diastolic pressure 
and systolic pressure of p^j=8o mmHg and p^=i20 mmHg respectively, and a 
heart rate of 72 beats per minute. 

a) How large is the stress (7 in the wall of the aorta in the states (s) and (d)? 
Compare the stress with the muscle stress fg-2.- lO^ N/m^ of the unloaded muscle, 
b) How much energy is stored in the elastic wall of the aorta? c) Using the infor- 
mation from either a) or b) determine Young’s modulus of elasticity Y of the aor- 
ta wall, d) What is the average Reynolds number in the aorta? Is the flow laminar 
or turbulent? e) From the average discharge rate and the average aorta radius de- 
termine the pressure drop over the length of the aorta, f) Suppose a stenosis 
blocks 70% of the aorta cross section area but the heart produced the same vol- 
ume flow rate, (p=jo- 10“^ m^/ stroke. What would be the flow velocity and the 
Reynolds number at the constriction? g) Comment on the pressure and work gen- 
erated by the heart with the blockage in the aorta. 

P 4.8 The Neck of the Giraffe 

Giraffes with their long necks (length L) are able to browse on tall trees, which are 
out of the reach of most other animals. This definite advantage comes at a price. 
The long neck makes breathing difficult. The metabolism U= h • 3.6 requires 
a certain intake of fresh air. The windpipe volume V^=nR^L must be filled first 
when exhaling, before any air volume 1^^^ can be exchanged and reloaded with 
oxygen. The flow should not be turbulent in the windpipe. The total volume AV 
displaced during the exhaling process AU= V^+ ^ certain fraction C 

of the lung volume. 

Assume an allometric relation for the breathing frequency /= 0.9 M“‘^'ts“( and 
the lung volume scaling 5-7 • io“^ • M, and calculate the maximum windpipe 
length L as function of the activity factor h. 




Fig. 4.22. Lung and neck of giraffe 
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Hints and Sample Solutions 

S4.1 Breathing for Birds 

The pressure drops approximately by a factor 2 for every increase in height of 
5500 m. In mathematical terms where B = mg/kg T, m= 0.029 kg/mol is 

the average molecular weight of the air molecules, kg= 1.38 • 10“^^ }/mol • K is 
Boltzmann’s constant and T the temperature of the atmosphere. The formula 
holds only if the temperature T is the same at every height. You may take a value 
B = 1.26 • io“ 4 m"^ corresponding to T= ly} K. Remember that air consists of 1/5 
oxygen and 4/5 nitrogen, and 1 cm^ of air at T= 273 K contains n = 2.7 • 10^® mole- 
cules. 



S4.2 Counter Flow Systems 

Mammals breathe in-and out. Birds have a counter flow system, which transfers 
oxygen more efficiently, similar as counter flow heat exchangers transfer heat 
more efficiently. Sperm whales store oxygen in their muscles, the lungs collapse, 
since the water pressure is 100 atm at a depth of 1 km. 



S 4.6 Careless Operation 

a) With the help of Fig. 4.15 determine the pressure of the blood in the aorta as 
p^-io^ + i.’i ■ io'*N/m^=i.i3 • lO^N/mh b) The blood squirts out because of the 
overpressure Ap = 1.3 • lo^ N/m^. The outside pressure is p = lo^ N/mh c) The blood 
escapes in radial direction at some velocity u^. Within the vessel there is no radial 
velocity, hence u^~o. The density of the blood p ~ 1000 kg/m^ is approximately 
like the density of water. Then by Bernoulli’s equation one has p^+os pw^ = 

Po=P P ^ (Po“P)^P“^ ■ ^-3 ■ UJ.=^/26 = 5.1 m/s. 

d) The mass flow rate through the hole of 2 mm diameter, area K (io“^)^ is 
J=pAu^= 0.016 kg/s equivalent to 16 ml of blood. In the first 5 seconds the pa- 
tient would loose Ay= 5 s • 16 ml/s = 80 ml of blood, e) At this mass loss rate the 
patient would loose Ay=6o • 0.016 1 = 0.96 1 of blood in one minute. Such a loss of 
blood would no doubt lead to a collapse of the circulation system and the heart 
would not be able to maintain the excess pressure Ap. f ) The flow in the bypass can 
be described by Hagen Poiseulle 



7 t • r'' Ap 
8v L 



7t-(5-io ^y- 1.3 • 10'' 
8'410 '*• 0.3 



= 2.66 kg/s . 



In Af = 5 s the amount Am =/ • Af = 2.66 kg/s • 5 s = 13.29 kg = 13.3 liters of blood 
would flow through the bypass. 

S4.7 Aorta 

First find the aorta volume, length of the circumference and Cg and thick- 

ness as the wall is stretched. Next determine the tensile stress (7 (force/area) in the 
wall for the states (s) and (d) in a similar way as in Fig. 3.24, where the tensile 
forces in a caterpillar skin are discussed. Young’s modulus Y and the modulus of 
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elongation k are discussed in Sect. 3.3.3. T=aA, is defined as the tension force, 
where A is the cross section area of elastic material. For calculating the elastic en- 
ergy stored in the wall W= Tdl assume a linear relation between the tensile and 
extension AL=(Lj,yj,-Ljj^j.) between the diastolic and the systolic state T=T^+ kAL 
so that =fi /c AL^. The discharged volume flow is (p m^/s = u^^A, where is the 

average velocity, and A is the pipe cross section area. 
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Im Anfang war die Kraft. In the beginning was the Force. 

Goethe 

Moving the Limbs and the Body 

Motion, the displacement As = s^- s^ of an object from a starting point s^ to an end 
point s^, is caused by forces in a roundabout way. Muscle forces do not make dis- 
placements directly, they generate accelerations. Accelerations change the velocity 
of an object, for instance, from rest (u = o) to some velocity u^. When an animal 
maintains a velocity for some time interval Af it moves through the displacement 
As = u • Af. 

Motion of the whole body of an animal often involves the relative motion of 
many members and joints in the articulated appendages: legs, arms, and wings. 
Many muscles take part. Consider the walking process. The toe moves relative to 
the foot. The foot swings around the ankle, the ankle rotates about the knee, the 
knee swings relative to the hip, and the hip pushes the center of mass of the whole 
body. The kinematics of relative motion combining rotation and translation is dis- 
cussed in Sect. 5.1. Kinematics reveals time and position of objects. For instance 
how long does it take for a cat to jump up onto a bird feeder that is a certain height 
above the ground? Does the bird have sufficient time to fly off? 

Kinematics does not explain why motions occur. The cause of a motion is re- 
vealed through the dynamics, encapsulated in Newton’s equation, which links forces 
and accelerations. Sect. 5.2. Examples are: Landing on your feet from a high jump, 
the terminal velocity of a small falling object, and rocket propulsion of a squid. 

Energy must be expended for any motion. Often one can predict parameters of 
motion using only the principle of conservation of energy. Animals know how to 
move with the least possible effort. They have had millions of years to optimize 
energy consumption on internal and external levels. For instance, they learned to 
minimize the power required for the limb motion by choosing suitable geometry, 
by developing light and strong materials, and by operating periodic processes at 
certain resonances. Such energy considerations are presented in Sect. 5.3. 



5.1 Kinematics of the Motion 

Kinematics describes the position and time of objects. Kinematics keeps track of 
an entire object or its many parts: the whole animal or it’s individual limbs. Kine- 
matics deals with translational motion, and rotational motion. Translation is ana- 
lyzed in terms of position s, velocity u = ds/df, and acceleration a = du/df. Rotation 
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is described by the equivalent quantities: Angle 0, angular velocity ft), and angular 
acceleration a. 

A moving object may consist of several parts, like a leg with upper leg, lower 
leg, foot and toes. Then one must look at the velocities of every part, and distin- 
guish absolute velocity measured in the laboratory reference frame from the rela- 
tive velocity of its parts. Thus, different symbols are required to denote velocities: 
the letters u and v, in the upper and lower cases are occasionally used to indicate 
velocities. In particular, where the symbol for velocity could be confused with the 
kinematic viscosity, Greek letter v, or the volume, V the letters u, and U are used, 
respectively, to denote velocities. 



5.1.1 Translational and Rotational Motion 

The two forms of motion important for animals are translational motion (like the 
motion of the center of gravity of an animal), and rotational motion (like the 
swinging of a leg). Most animals have flexible bodies and articulated arms, and 
legs connected by joints to the body. In order to calculate the speed of a foot one 
must considers first the motion of the center of mass of the animal, second, the 
motion of the leg about the hip joint, third, the motion of the lower leg about the 
knee joint, and finally the motion of the foot relative to the lower leg. This is rela- 
tive motion. 

When animals move in a certain direction while swimming, flying, or running, 
their center of mass travels along a straight line. This is called translational mo- 
tion. The average propagation speed u^^=AslAt is related to the distance As cov- 
ered during the travel time Af. When an animal experiences an average accelera- 
tion it must change its speed by the amount Au = a^^At. Often one deals with 
the instantaneous values u = ds/df and a = du/df. 

All organisms with joints also perform angular motion, characterized by 
the angular position 0 (measured in radian), the angular velocity ft>= dft/df 
(measured in radian/sec), and the angular acceleration a=dft>/df (measured in 
radian/sec^). 




Fig. 5.1. (a) Translation and rotation, (b) Rotation parameter, (c) Rotating cone, (d) Rod 
hinged at one end. (e) Rod hinged in middle 
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The angular velocity O) can be estimated if one knows how long it takes to move 
through a given arc 0. Remember that the 360° motion of the second hand of a 
clock performed in 1 minute corresponds to the angle 0 = in when measured in 
radians. The second hand moves at the angular velocity O) = ml 60 s = 0.1047 radi- 
ans/s. A force which generates angular motion is called a torque T, or moment. The 
moment depends on the moment arm d, namely the distance between the point 
where the force is applied and the rotational axis, and on the angle j 3 between the 
moment arm d and the force F and the rotating member, see Fig. 5.1b. 

T= F-d sinp (5.1) 

Note that d sinP is the perpendicular distance between the line of force and the 
axis of rotation. Fig. 5.1b. All the moments Zt acting onto an object of mass mo- 
ment of inertia I generate the angular acceleration a according to 

11.1= la. (5.2) 

The mass moment of inertia I depends on the location of the rotation axis. In 
general I has the smallest value if the rotation axis goes right through the center of 
mass. I gets progressively larger as the rotation axis is moved away from the cen- 
ter of mass. In first approximation an arm or a leg maybe approximated as a slen- 
der rod of length L and mass, hinged at one end. Its moment of inertia is 

I={i/3)ML\ (5.3) 

If the mass M of a leg is concentrated close to the hip, and if the foot is very 
small and light (like a chicken leg) the limb maybe approximated as a cone, which 
has I = {ilio)MLl Some values for different bodies are shown in Fig. 5.1. 

In problems dealing with translational and rotational motion one often knows 
three parameters out of the four; position, velocity, acceleration, and time. Then 
one can use the equations of kinematics to find the missing variable. Table 5.1 
shows the relevant relations. 



Table 5.1. Relations of kinematics 



linear motion (for constant a) 


angular motion (for constant a) 




missing variable 


missing variable 




u = u^+a t 


X position 


0 angle 


0 = 0 ^+at 


x = u^t+ ^haF 


u = dx/dt velocity 


ft) angular velocity 


0 = coj + '^l2aF 


u^= u^ + iax 


t time 


f time 


a^=a^+2a0 


x = ^h{u^+u) t 


a = du/dt 


a = da/dt 


0 = y2{co^+Q))t 




acceleration 


angular acceleration 




x = ut~y2a F 


initial velocity 


initial ang. vel. 


0 = cot~y2aF 
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The use of these relations is illustrated by an example. A person, walking with 
stiff legs, typically rotates his leg (L = 0.95 m) through 1/6 of a turn (2 7t/6) radians 
in 0.8 s. The average angular velocity is ft)= (27t/6)radians/o.8 s = i.38 radians/s. 
The average speed of the foot is u=(oL = i.24 m/s. The horizontal speed of the foot 
relative to the ground is zero at the instant when the foot leaves the ground. The 
foot is accelerated by gravity, and by the action of the leg muscles. The combined 
torque of these two forces accelerates the leg and gives it an angular acceleration, 
so that the angular velocity of the leg will grow. More will be said later about this 
process. 

5.1.2 How to Manipulate Rotational Motion 

Consider a small ball of mass M, which is rolled up an inclined plane by a previ- 
ously compressed spring. The ball acquires an initial velocity with the horizon- 
tal and vertical components and and an angular velocity (O^. Neglecting the 
air resistance, the ball in free flight is only subjected to gravity which continuous- 
ly changes the vertical velocity but leaves the horizontal velocity unchanged. 
Positions of the center of mass of the ball at equidistant time intervals Af are 
shown in Fig. 5.2a. The ball traverses equal distance ds^^ during equal time inter- 
vals A f. However, in the vertical direction the spatial distance segments ds^ change 
continuously. They first get smaller, because the velocity decreases until the time 
(2) and then they get larger, because the vertical velocity increases. 



Fig. 5.2. (a) Translation and rotation of ball in flight, (b) Diver changing her mass moment 
of inertia in flight 

As the ball rolls up the ramp, driven by the spring, its angular velocity increas- 
es reaching the value (0^ at the point (1) where the ball becomes airborne. Fig. 5.2a. 
After the ball has left the ramp its angular velocity co^ remains constant. While air- 
borne the angular momentum I co does not change. The free flight motion of this 
ball equals the trajectory of a basket ball thrown with a spin. 
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Many animals control their mass moment of inertia during free flight. A cat 
uses its tail when thrown into the air in order to land on its feet. Birds do this when 
they twist and turn their wings. A gymnast changes her shape when she wants to 
make a somersault. The diver shown in Fig. 5.2b has the same intent. 

The center of mass of the diver still follows the parabolic arc of the sphere 
shown in Fig. 5.2a. The diver starts with the angular momentum Ico^. This angular 
momentum remains constant while the diver is airborne. However, the diver 
changes her mass moment of inertia I. By stretching out she increases I so that ft) 
must get smaller, and by pulling her arms and legs towards the body the diver de- 
creases her mass moment of inertia, so that she must spin faster. 

Sometimes animals change their mass moment of inertia in mid-flight to turn 
around in the air, sometimes they manipulate it in order to assist weak muscles 
that can only generate a limited torque. A case in point is the heron as it takes off 
from the ground. 



5.1 .3 How the Heron Starts Flying 

The angular acceleration of an object depends on its mass moment of inertia I 
which in turn depends on the location of the axis of rotation, see Fig. 5.1. 

A flat plate of mass m and length I, rotating around an axis at one edge (like a 
wing rotated about the shoulder joint) has f=fg= (1/3) fn P'. In contrast, if the plate 
is rotated about a central axis, namely an axis through the center of mass, the mass 
moment of inertia shrinks to the value 7=7^,= (1/12) m l\ Herons instinctively know 
that. They have long wings. They wobble their body up and down with their legs 
as they start to fly, thereby rotating their wings about a central axis. Fig. 5.3, so that 
the mass moment of inertia 7 is much smaller as if they would keep the body still. 
Thus they only need a smaller force to flap their wings. 




Fig. 5.3. (a) Wing rotation about shoulder joint, (b) Wing rotation about elbow position, 
(c) Body moves up and down in rhythm of wing beat, but head remains level 



Keeping the body on a level while flapping the wings requires more torque (ro- 
tational force) than wobbling the body up and down. This motion could be irri- 
tating for the eyes. However, the head is held level relative to the ground as it 
moves up and down relative to the body at the wing beat frequency. Fig. 5.3c. 
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Pelicans and storks use a similar technique in full flight. The head is held level 
while body and wings oscillate up and down out of phase: the body moves down 
while the wings move up. 

5.1.4 Linear Motion: Predators Fast Food 

Kinematics is not only useful to describe the motion of individual animals and 
their limb motions - it can also be used to relate an animal to its environment. 
Think of the kinematics of attack and of escape strategies. 

An animal can accelerate to reach a terminal speed which it may maintain 
for only a limited time T, or in a limited range respectively. A predator pursuing its 
food must know its own speed and range, and it must know the speed and range 
of its prey. Assume that a predator and its meal move in the same direction, say the 
x-direction as seen in Fig. 5.4, where the predator is faster than its prey, and has a 
larger range R^, but the prey has more endurance T^< T^. 

The thinner lines a, b, and c represents the prey. In order to make a catch the 
predator’s space-time trace must intersect its prey’s escape curve. The predator 
(thick line) starts running at time f=o. The prey starts running at the time T. The 
reaction time T consisting of (i) the time required to see, hear or smell, (ii) to rec- 
ognize the danger, and (iii) to start moving. A catch occurs with certainty for line 
(a). The largest distance at which the predator can hope to make a catch is D. The 
predator just catches up to the prey (line b). 



Fig. 5.4. Predator and its fast food. Simplified x-t diagram for calculating the maximum 
catch distance D 

The best strategy for the predator is to come close to its victim. The best de- 
fense strategy for the prey is to be aware of any danger, and to move early. Both de- 
pend on the distant senses developed for attack and defense. The position of the 
predator is given by x = t. The range R of the predator is the distance reached 

at its endurance time 71 , namely R= 71, . 

P ^ P P P 
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A catch occurs if x^=x^. The maximum distance D at which the predator can 
catch its meal is found from the relation Xj=R^=u^T^={D-d) + u^T^, = {D- 
Uf t) + Uf Tp, which can be solved for D: 

D=T^,{Up-Uf) + UjT. (5.4) 

If the predator and its potential meal have about the same speed, the endurance 
time Tj of the prey will make the difference. The reaction time T of the prey is an 
extra handicap; it decreases the “safe distance” for the prey by the amount d = u^T. 
The lost distance d can be reduced if the prey has senses that scan the environ- 
ment over a long distance. It also helps the hunted if the hunted runs fast. (Faster 
hunters get better service in Nature’s fast food restaurant.) 

Speeding up from rest is a considerable energy expense. For instance, a zebra of 
M=200 kg that speeds from 0 to 36 km/h (u = io m/s) must expend the mechani- 
cal energy £= V2Mu^= V2 200 (io)^=io kj. If the animal has an overall fuel effi- 
ciency of Tj = 25 %, this represents a food energy loss AQ = 10 kj/tj = 40 kj, which is 
more than one gram of body fat. 

Animals are able to perform such calculations “instinctively” because they will 
not attack if the prey is too small, or if the chances of success of a hunt are too 
slim. Typically a lioness makes nine unsuccessful attempts before she manages to 
catch a meal. Speed and sharp senses are not the only defense strategies; twisting 
and turning also helps. 



5.1.5 Connection of Angular and Linear Velocities 

A person of leg length L = 0.95 m can walk 6 km in one hour with steps length of 
S=o.86 m. These are AT= 6 000/0.86 = 6 980 steps in 3600 seconds at the step fre- 
quency/=AT/3 600 = 1.94 steps/s, and the step period T=i//= 1/1.94 = 0.52 Hz. If 0 
is the maximum deflection angle of the leg the tip of the toe moves through an an- 
gle 20. The deflection angle can be found from a triangle with the sides L and 
5/2 = 0.43 m, namely sin 0 = 0.43/0.95. To express the angle in radian solve 
0 = sin“^ (0.43/0.95) = 26.9°, and convert to radian 26.9 (7t/i8o) = 0.47 rad. The angu- 
lar velocity of the toe is ft)=20/T=2-o.47 rad/0.52 s = i.8o rad/s. The toe moves 
on an arc at the linear velocity of u^^^= L ft) = 0.95 m • 1.8 radians/s = 1.71 m/s. 

Suppose a soccer player kicks a ball using only the motion in his lower leg. 
Fig. 5.5. What is the velocity of the ball when the ball separates from the boot? To 
answer this question of relative motion one must know the forces that cause ac- 
celeration, and employ Newton’s equation. We assume that the kicker can mo- 
mentarily exert a force of T= 1 500 N in the tendon below the kneecap with the 
moment arm dj=o.o6 m. This generates a torque 1 = 0.06-1500 = 90 Nm. The 
problem can be approached in various approximations. 

First assume that the ball is gently accelerated by the foot, and the ball flies off 
when the foot has rotated through the angle 0=nl2. Treat the lower leg like a thin 
rod, of m = 7 kg and length L = o.s m, which is hinged at one end with the mass 
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moment of inertia 7 = (1/3) ML^= (1/3) 7.0 • o.5^=o.58 kg m^. From Newton’s law 
T = Ia calculate the average angular acceleration a = TlI=90 Nm/0.58 kgm^= 
154 rad/s^. Now find the time t that it takes the lower leg to rotate through an arc of 
0 = 9O°=7t/2 rad. This time is found from 0 = ^hat^ namely, t=( 20 laY^^= 
V(7t/i54) = 0.142 s. Since the foot is steadily accelerated the angular velocity in- 
creases steadily. At the instant 1 = 0.142 s the angular velocity has grown to 
CO{t = 0.142) = a- f=i54 rad/s^- 0.142 s = 22 rad/s. Then the foot has the tangential 
velocity u^=L • ft) = 0.5 m • 22rad/s = 11.0 m/s = 11.0 (io“^km/{i/36oo h}) = 39.6 km/h. 
If the soccer player simultaneously rotates his upper leg, the lower leg velocity is 
added to the velocity at which the knee moves. If the ball flies off at this instant 
(with the same speed as the foot itself) then the foot would keep moving in the 
forward direction, retaining most of its kinetic energy. 





Fig. 5.5. Relative motion, (a) Leg dimensions, (b) Linear and angular velocities, (c) Velocity 
vector diagram, soccer ball velocity 



However, if the foot would stop dead after hitting the ball, having transferred to 
the ball all its kinetic energy, the ball would take off with a much larger velocity. 
This velocity can be found from the energy equation using values for the kinetic 
energies of the leg, and the ball. Assume the ball has the mass m^= 0.4 kg. Conser- 
vation of energy requires V2fft/= Using real values: o.5-o.58kgm^- 

(22 rad/s)^= 140 } = o.5 • 0.4 u^, it results in 26.5 m/s = 95 km/h. This result is 

consistent with the fact that a good soccer player can kick the ball to reach speeds 
of =100 km/h. 

If the ball was hit in mid swing, and a good fraction of the kinetic energy was 
converted into deformation work W^, one can apply the relation of conservation 
of momentum for the foot (MfWf-tMbWi,)initial=(^f+b“f+b)during contact=(^f“f+ 



■^b“b'' final- 



One could also use the conservation of energy: (0.5 1 of) 



= (0.57- 0)^+ 



before impact 

0.5 ■ Wb)after impact‘d However, to find the final velocity from energy consid- 

eration one would have to know how much energy is converted into lost deforma- 
tion work during the impact. 
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5.1.6 Relative Motion 



The soccer ball example shows that motion analysis can be quite complicated. 
That example does not, however, describe the motion sequence of a free kick. 
When a soccer player executes a free kick he runs a few meters, increasing the 
speed of his center of mass, and while running he swings his leg around the hip 
joint and the lower leg around the knee joint. To find the absolute velocity of the 
foot one has to add all the relative velocities together. 

To model a free kick assume first that the hip joint moves at the same speed u 
and has the same linear acceleration a as the center of mass of the player just be- 
fore the foot hits the ball, when the leg is in the vertical position. Second, we as- 
sume that the upper leg, length L^, swings at the angular velocity co^ and has the 
angular acceleration a^. Third, we assume that the lower leg of length Lj, rotates at 
ft)| about the knee. Then the knee moves at the speed relative to the hip, 

and it travels at the speed Uj^= u -I- relative to the ground. In turn the foot 
moves relative to the knee at the speed (OyL^, while the knee moves at its own 
speed. Therefore, the foot has the absolute velocity 



“f “ “k+ “f/k“ “ + “k/h+ “f/k~ w + ■ ^1 • 



(5.5) 



These relative velocities have been written with bold letters to indicate vector 
quantities. Vectors can be represented by arrows, and the resultant vector can be 
determined by vector addition, see Fig. 5.5c. The vectors CO^'L^ and CO^- L^ always 
point into the direction of the tangent of the motion. Associated with such relative 
motions in rotating reference frames are angular and centrifugal accelerations. 
For instance, the knee has the tangential acceleration t’ ^ radial 

acceleration along the upper leg ( 0 ^- The detailed discussion of the accel- 

erations for this relative motion goes beyond the scope of this book. 



5.1.7 Lifetimes and Biological Periods 

All animals encounter various periodic processes and time scales. Most significant 
is the lifetime t^, which varies from species to species. Generally large animals live 
longer. All higher animals with hearts have a characteristic heart beat period 
or heart frequency /jj=i/fjj. Life time and heart frequency can be stated 
as allometric relations of the body mass, discussed in Sec. 1.2. Locomotion fre- 
quencies, associated with the wing beat of birds, the flipping of tail fins of fish, or 
the leg frequency of land animals, also tend to scale with the body mass. 

The allometric relations for lifetime and heart frequency have a curious conse- 
quence. All animals have about the same number of heart-beats: the heart fre- 
quency of mammals is quoted and the allometric relation 

for the lifetime derived with the parameters of Table 1.2 is fj^= 11.8 years. The 
total number of heartbeats during the lifetime of a mammal can be found by 
multiplying its lifetime and its heart frequency. Note that a year has 
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60 • 24-365 = 5.26 • io 5 minutes. Z^=f^ - t^=i.s ■ lo® M~° °^ ~ billion beats. This 
number is nearly independent of body mass due to the weak mass dependence, 
because M~° °^ ~ 1. If the heart was built as a physical resonator one would expect 
its frequency to scale with the square root of the heart mass M^. On the other 
hand the allometric relation for the heart mass is ~ const • M so that one would 

expect /j^= const M“°- 5 . Instead the allometric relation for the heart frequency is 
fhai~ Obviously the heart does not act as an elastic resonator. There 

is something still to be explained. 



Table 5.2. Biological periods 
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brain functions 











Animals encounter biological periods with a very wide range of time intervals, 
see Table 5.2. Some of these periods are only loosely defined. Some periods are tied 
to the seasons, where the timing device is the rotation of the earth around the sun, 
others are tied to the times of the day and hence directed by the daily rotation of 
the earth around its axis. Periodic processes could serve as movements for physio- 
logical clocks. 

In addition, animals encounter and use various time scales, or frequencies. 
Time scales can be produced in clockworks that utilize (i) constant speed devices, 
(ii) energy exchange systems, or (iii) dissipative flow systems. 

Constant speed systems generate characteristic frequency for instance, when 
an object is moved at constant speed over equidistant ridges (legs of grasshop- 
pers), and (ii)when a sound wave bounces back and forth in an acoustic cavity like 
a flute or a vocal tract. 

Time scales can also be associated with the process of energy flow and the con- 
version of energy from one form to another. Table 5.3 summarizes various time 
scales and energy flow processes. Notice that the power flux q’ scales proportional 
to the mass M for free fall, pendulum, and muscle, and it scales allometrically for 
spring, cooling, and metabolism. The clockwork of energy exchange includes all 
oscillating simple harmonic motion devices (like the leg pendulum), periodically 
vibrating elastic structures (like ligaments, membranes, bones, air columns), and 
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vortex shedding structures. Clockworks based on dissipative flow are connected 
to the decay, or recharging of certain quantities. For instance a starving warm 
blooded animal will lose a fraction AM/M, of its body mass in a characteristic 
time Afjyj. When exposed to a very cold environment its body temperature T will 
drop by a certain fraction AT ! Tin the time At^. A nerve will restore its action po- 
tential in a characteristic recharging time Af^^. 

Do animals have a sense of timing? If animals can measure time intervals they 
could in principle determine their velocity u, and their position x, in conjunction 
with their sense of balance which measures acceleration a. With an internal clock 
they can in principle calculate their speed u = ja df and then know their position 
x=judt even with closed eyes. 

Table 5.3. Process time scales, and heat flow rates 



Notice that the power flux scales as M for free fall, pendulum, and muscle, and it scales as 
a ■ 1 for spring, cooling, and metabolism. Reversible processes are marked <rev> 
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5.2 Dynamics of the Moving Animal 

Motion kinematics is only one part of a full analysis of locomotion. If the sum of 
all forces F, and the sum of all moments T acting onto an object is zero, the linear 
momentum m-u and the angular momentum 7 - ft) of an object is constant. 
Changes of this state of motion are caused by unbalanced resultant forces Zfj and 
by unbalanced resultant moments Zt respectively. Forces and moments generate 
accelerations, and accelerations change the linear velocity u or then angular veloc- 
ity 0). The fundamental tool used to analyze these processes is Newton’s equation, 
which is examined now for the linear motion. The linear momentum mu is 
changed by the net force ZF according to 

2 _iP = — ~ — = m a ■ ( 5 -o) 



If the mass m is constant, and if one knows the net force ZF acting onto the 
center of mass of an object, dead or alive, one can find the acceleration 
a = dv/df = ZF/m. Then one can determine how the animal gathers speed u, and 
how it changes its position x, namely u=at, and x = yiat\ In curvilinear motion, 
where an object is forced to travel along a segment of a circular path of local ra- 
dius R, the velocity vector must continuously change its direction. This accelera- 
tion was already discussed in Sect. 5.2.1, it requires a force F^= m u^/R that must act 
at right angles to the path. F^ points to the center of rotation. Monkeys must have 
a firm handhold when they swing from branch to branch in order to overcome 
this centrifugal force. 

Objects may lose mass. This also represents a change of momentum. Then 
Newton’s equation is written as 






dt 



du dm 

■ m hw 

dt dt 



(5.7) 



Table 5.4. Relations of dynamics 
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For instance a squid or an octopus which is at rest may suddenly eject a jet of 
water at some rate J=—dmldt. The minus sign indicates that the animal is losing 
mass. There is no net force initially, and its body speed is v= 0. Hence the motion 
starts according to o = mdvldt-u]. The ejection of the mass flow generates a 
propulsion force u ■ J. 

The acting forces 1 ,F=F - F^ can be devided into propulsion forces F^ and re- 
sistive forces Fj.. Propulsive forces come from muscles, ejection of mass, gravity, or 
wind; they are exerted at the soles of the feet of land animals, at the tails or flippers 
of aquatic animals, at the wings of flying animals, or at the orifices of jets in 
squids. Resistive forces include the drag in air or water and friction. Relations of 
translational and rotational dynamics are summarized in Table 5.4. 



5.2.1 How Animals Get Going - the Resultant Force 

If one knows that an object can only move when a (net) force is acting onto its cen- 
ter of mass, one can easily see how floating or airborne animals get around: They 
are pushed by wind and ocean currents. However, the ground under the feet of 
land animals does not move. How can they travel at all? The answer is that land an- 
imals are indeed pushed by the ground because forces come in pairs. When a foot 
pushes against the ground the ground pushes back with an equal and opposite 
force. While the foot rests on the ground the center of mass of the animal may be 
lifted up and propelled forward. 

If an animal just stands motionless on two legs, the soles of its feet exerts onto 
the ground the force Mg. The ground presses back with a normal force F^ equal 
and opposite to Mg. If the animal steps forcefully onto the ground with some ver- 
tical force F^ (generated by the muscles in its leg), it exerts the total vertical force 
Mg + F^, and the ground reacts with the normal force F^=-Mg-F^, shown in 
Fig. 5.6. The vertical reaction force of the force F^^=-F^=F^-Mg accelerates the 
organism upwards. The horizontal reaction force F^^-F^ accelerates the animal 
forwards. 




Fig. 5.6. (a) Animal jumping off. (b) Force vectors: Vertical ground reaction force hor- 

izontal ground reaction force, XF resultant ground reaction force, (c) landing on one foot 
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When animals run the muscles in each leg generate a torque T. If the leg has a 
length L this torque will produce a propulsion force that presses the foot against 
the ground in horizontal direction 

F=t/L . (5.8) 

If the ground is firm the foot will experience the reaction force F^=-F. The 
ground exerts the total reaction force F^=F^^+F^+Mg. 

If the line of action of this force goes through the center of mass cm the animal 
will be accelerated forward and upward without experiencing a torque. The hori- 
zontal force produces the horizontal acceleration 



a,= FJM. (5.9) 

For the further motion analysis one may use the relations of kinematics, sum- 
marized in Table 5.4. Suppose the motion starts from rest, and the acceleration 
acts during the time interval Af. Then the center of mass acquires the speed 






(5.10) 



If the acceleration remains constant throughout the distance As, the body will 
reach the speed 



u 



X 



2Asf, 



V M 



(5.11) 



The vertical motion can be analyzed in a similar fashion. If the animal is mo- 
tionless the impact force opposing the ground reaction force is equal to the 
weight Mg. Lift-up from the ground requires Fjj>Mg. A running animal may 
produce N~’}Mg. 



5.2.2 Landing on Your Feet 

when an animal jumps down from some height h its feet and legs must absorb the 
impact force. To analyze this motion one first determines the velocity u shortly be- 
fore impact 

“imp=^2gh. (5.12) 

To illustrate the principle we model the animal as a stiff body of mass M with a 
spindly leg that acts like a massless, heavily damped spring. Fig. 5.6 c. 

When the body comes to rest the spring is compressed by the distance As. 
Hence, the deceleration of the center of mass takes place over the distance As, while 
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the body slows down from the impact velocity to the final velocity Wgj,3j=o. 
The average deceleration during this time is 

|a| = u^/2As=2gh/2As = gh/As . (5-i3) 

The average impact force acting onto the center of mass is therefore 

F=Ma = Mgh/As . (5-i4) 

This force shakes up the stiff animal body. F is equal and opposite to the impact 
force Fj with which the foot of this model animal pushes onto the ground while 
coming to rest. 

Note that F depends inversely on the deceleration distance As. Humans black 
out with accelerations exceeding a few g. Landing with stiff legs is a bad strategy. 
Cats always land with very soft legs. 



5.2.3 The Jumping Flea 

A jumping flea is capable of enormous accelerations when it jumps off. The insect 
accelerates for about Af = 0.7 ms with an acceleration of a = 2 000 m/s^. This huge 
acceleration is achieved by releasing elastic potential energy. 

The flea is modeled as a sphere of k = 1 mm radius and a density of water. Its 
mass is M= (qtt/sjr^p = (47t/3)(io“3)3 m^ 1000 kg/m^ = 0.0042 g. The force that pro- 
pels the flea during the acceleration phase is F=Ma = 4.2-10“'’ kg -2000 m/s^= 
8.4 • io“3 N. The starting velocity is found from the kinematics of the motion 
u^=aAt = 2 000 m/s^-7 • io“4 5 = 1.4 m/s. 

When falling downward like a descending raindrop, the flea might have a ter- 
minal velocity of u^= no m/s as calculated in Sect. 5.2.6. However, the legs of the 
flea will increase the drag over and above the drag of a smooth sphere so that its 
terminal velocity is likely to be much smaller than 4.5 m/s. Since the starting ve- 
locity of the flea is much smaller than its terminal velocity, the drag force will be 
negligible as it jumps up. Then the maximum height of the jumping flea can be 
found from the energy equation, assuming that the energy loss due to air friction 
may be neglected. This yields '^kMu^=Mgh, or h = u^li g= (1.4 m/s)V 19.6 m/s^ 
=0.1 m. 

Before the flea started to jump all the mechanical energy, which later exploded 
into motion, was stored in a “compressed spring”, namely a pad of resilin, an elas- 
tic substance in the leg system. The energy analysis of the starting process 
V2 m Uo = V2 k yields a relation for the spring constant k=AYIL and the exten- 
sions X of the spring. In this calculation Y is Young’s modulus, A is the cross sec- 
tion of the spring, and L is its unstretched length. 
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5.2.4 Forces in Angular Motion 



Animals twist, turn, and rotate their appendages during their normal activities. 
Monkeys swing from branch to branch; birds, and mosquitoes flap their wings; 
dogs and sprinters rotate their legs. Sometimes the whole body performs rotation- 
al motion. Such motion sequences generate centrifugal forces, and therefore ani- 
mals must intuitively master motion that includes rotational dynamics. Now we 
will discuss a few examples. 

A small animal can turn in a small circle. Turning and acceleration requires 
good traction between the soles of the feet and the ground, characterized by a fric- 
tion force fy. The friction force fy needed to turn on a circle of radius r is 



Ff=M- u^/r . 



( 5 . 15 ) 



If an animal can muster the force it is able to turn on a circle of radius 
r=u^M/Ff. 

Consider a big animal chasing a smaller one and suppose both can generate the 
same friction force per unit mass. Fig. 5.7a, then M/fJ, is the same for both, and the 
turning radii of both are related as 



A. 




or 




(5.16) 



After the turn, the tighter turning radius of the smaller animal has put the dis- 
tance Ay = 2(r^-r^) between it and the pursuer. It gets away. 

The centrifugal force also affects monkeys swinging from branch to branch 
[Preuschoft 1996], as illustrated in Fig. 5.7b. The maximum force at the fingers is 
1 ,F = Mg+M{u^^JR), where h=R-R cos 0 . For the maximum 

angle 0 = 71/2, (cos 0 = 0, h=R) the force becomes 

F^=Mg + 2MgR/R = iMg. (5.17) 

Since the forces in the flexors of the fingers do not grow proportional with the 
body mass, big apes do not swing through big angles 0. 

The sudden deceleration of a swinging appendage, like an arm or a leg, can 
generate a vertical force. Fig. 5.7 c. Suppose the arm of length L, mass m, and mass 
moment of inertia I has been accelerated by applying the torque T^. Therefore the 
arm swings through an angle (p^ in the time interval t^. The arm reaches the angu- 
lar velocity 0)^=oc^t^ in the angular position (1). At this instant a different set of 
muscles is suddenly applied that deliver the force F. Acting with the radius of gy- 
ration R the force produces the torque T^=F- R, which decelerates the arm. The ra- 
dius of gyration R is defined with I=mR^, where I is the mass moment of inertia 
and m the mass of the limb. If the angular motion is brought to a complete stop in 
the time interval when the arm is in the horizontal position one has 0 -(O^= 
-(T^/f)fg=a^f^=(Tj/f)fjj=(F. R/I)t^. This relation is solved for the decelerating 
force 
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( 2 ) 



)td 



Fig. 5.7. (a) The fox and the hare, (b) Gibbon swinging from branch to branch, (c) High 
jumper gathering vertical momentum by swinging and stopping an arm 



An equal and opposite swing lift force F^=-F acts onto the hinge of the swing- 
ing arm while the deceleration occurs. If the acceleration time is much longer 
than the deceleration time a substantial vertical force can be generated. High 
jumpers make use of this effect by launching the jump from one leg and using the 
other leg and arms for the generation of swing lift [Chimes 2002]. 

5.2.5 Moving Through Fluids 

It is not a big step from modeling the internal motion of fluids in a body to dis- 
cussing the propagation of small objects through fluids. Walls of arteries, and 
veins slow down the motion in pipe flow, due to the action of viscosity. This is de- 
scribed by Hagen-Poiseulle’s relation, encountered in Sect. 4.2. At larger velocities 
the flow turns turbulent and one needs to consider the hydrodynamic forces dis- 
cussed in Sect. 3.4.3. Free swimming organisms like water fleas, coho salmon, or 
squid are slowed down by viscous forces, and hydrodynamic forces. 

Each organism of lateral dimension d can be characterized by a Reynolds num- 
ber Re = Udl {rj Ip), where U is its velocity, and v = {t] Ip) is the kinematic viscosi- 
ty of water. The Reynolds number is the ratio of viscous forces and hydrodynam- 
ic forces. When Re is small, laminar flow is encountered. Then one only needs to 
consider the viscous forces, and can neglect hydrodynamic forces. When Re is very 
large turbulent flow is encountered, where the motion is dominated by hydrody- 
namic forces. 

The critical Reynolds number separating the laminar and the turbulent regime 
is Recrex” objects like water fleas or killer whales moving through the flu- 

id (eternal flow). When fluid moves through pipes (internal flow) it turns turbu- 
lent at the much larger value Re^^. 2300. 

One can also defined turbulent flow as an excited phase of the fluid state of 
matter in which eddies store, exchange, and gradually dissipate rotational kinetic 
energy and coherence energy. In this model the Reynolds number is the ratio of 



F=-{rJR){tJt^). 



(5.18) 
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Table 5.5. Forces in laminar and turbulent flow 



Re 1 laminar flow 
Stokes friction 
on sphere, radius R 



Re » 1 turbulent flow 
form drag 

(hydrodynamic force) 

F = ^I 2 CqA p 

A: area obstructing the flow 



jet propulsion 
F=}u 

]: mass flow rate 
u: jet velocity 



(viscose force) 

^Stokes=6tt«??« 



production and dissipation rates of eddies. The dissipation rate of eddies is rela- 
tively larger in internal flow than in external flow. Therefore a larger Reynolds 
number is required to reach the turbulent phase in pipe flow. The resistance force 
encountered by an object that swims through a fluid can always be interpreted as 
the energy per meter deposited by the object in the surrounding fluid. The resist- 
ance force is larger when the flow becomes turbulent, because the eddies “suck up” 
quite a bit of energy. 

When encountering a flow situation one must first find out whether the flow is 
turbulent or laminar, so that one can use the proper resistance law. This will first 
be demonstrated for the motion of a small insect falling through still air and then 
for the motion of a squid. 

5.2.6 Terminal Velocity of a Small Insect Falling in Still Air 

Small objects that fall through still air settle down to a terminal velocity of decent, 
which is actually equal to the maximum speed that the organism can acquire. The 
velocity of any object is constant only if all forces that act on it are in balance: 
Zf = 0 . For a free falling object one must consider gravity, and Stokes friction. The 
analysis holds for the motion of a little insect without wings, or a raindrop as it 
starts to fall. Its mass is M= (471/3) r^p. The motion is described by Newton’s equa- 
tion, where a is the acceleration. 



When the object starts falling, its velocity is practically zero so that 
Since the object is small, the Reynolds number must be small, so that the flow will 
be laminar - at least in the very beginning. Without drag the object is in free fall. 
However, as u increases gets larger, till finally Mg = and EF= 0 . Then the 

acceleration disappears and u remains constant at the terminal velocity 
which is found from the force balance 

6 nrrju^^^^=Mg = i4n/3)ripg. (5.20) 

Note that p is the density of the object (in many cases p = P^ater^’ ^ 
viscosity of the surrounding medium (air or water). In the absence of better 
knowledge we have used Stokes friction F^^^^= 6 Krri u, assuming that the flow 



aM=lF=Mg-F^^^g. 



(5-19) 
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remains laminar. We quickly check this assumption by solving for the terminal 
velocity 



u 



term 



2 g p r^ 
9 r] 



(5.21) 



For a small raindrop of r=imm the terminal velocity calculated from (5.21) 
would be (2/9) 10 • 1000 • io“®/i.6 • lo'^® no m/s. Then the Reynolds number 
would be of the order lo^. Obviously the flow around the sphere is no longer lam- 
inar. Therefore one must use the hydrodynamic drag to get 0 = m g - fn§- 
V2 Cp A u^erm’ which is solved for namely 



8-^-Pwaler'g =^,3^/3, (5.22) 

V 3 A. C 



The Reynolds number is then Re=4.5 • 2 • io“^/i.6 • io“5 = 56o. For this Reynolds 
number we find the drag of a sphere Cp= 0.55 from Fig. 3.18, and repeat the calcu- 
lation of Eq. (5.22) to get Ujgj.j^=V{(8 -lo-^- io3-9.8i)/(3- 1.29- 0.55)1 = 6.1 m/s. Small 
things fall gently, like the rain in Vancouver. If a small insect is falling in an updraft 
of u > it will actually float up, and it may be carried over large distances. 



5.2.7 Rocket Propulsion 



Consider an object like the jelly fish polyorcas. Fig. 5.8, which gets around by ex- 
pelling a stream of water at the mass flow rate J = puA kg/s with an average veloc- 
ity u. This object will experience a thrust force F^=Ju. 

The average outflow velocity u=JlpA can be found if the mass flow rate J, the 
nozzle area A, and the densityp of the expelled fluid is known. Therefore the ob- 
ject is propelled by the thrust force 






r 

pA ■ 



(5-23) 



Here we want to use this propulsion force to find the terminal velocity of a 
squid. Jellyfish and squid get their propulsion force F^=Ju from rocket propulsion. 




Fig. 5.8. Squid squirts 
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The mass flow rate J=p unr^ is related to the escape velocity of the fluid u, and 
the radius r of the rocket nozzle. It is known that the squid generates an internal 
pressure of about Ap ~ 30 kPa. For the flow escaping out of the orifice, Bernoulli’s 
equation in the form Ap = Vipu^ must hold so that one can find the ejection ve- 
locity of the fluid. 



u = 




ll- 30 -10^ 
V 10^ 



7.7 m/s 



(5-24) 



With this information one can determine a terminal velocity for the 
squid, which is reached when the acceleration is zero: = Here we 

use the hydrodynamic drag for objects at large Reynolds number Ju = F^^^^= ViCp 
^ Pair “term’ ^^ere A = uR^ IS the obstruction area which the object presents to the 
flow. Solving for one gets 



2ju _2pnr"'u^ 
C^Ap C^nR^p 



(5-25) 



This leads to the terminal velocity 



u 



term 




(5.26) 



Since Cp is only known from tables as function of the Reynolds number, one 
has to make an educated guess such as Cp = 0.3, since the squid has a very slender 
streamlined shape. Assuming r/R = 0.1 and taking the jet velocity u = 7.7 m/s we 
find Ujgj.j^=7.7- (1/10) • ^(2/0.3) = 2 m/s. This is indeed a typical empirical velocity. 



5.2.8 Masters of Acceleration 

Some animals are capable of enormous acceleration. They do not faint as humans 
do when subjected to accelerations of only a few g. They would be the ideal pas- 
sengers to be launched on a spaceship. Table 5.6 shows jumping performance data 
of animals reported by various authors. 
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Table 5.6. Jumping performance of animals of body mass M. Height h, distance As, acceler- 
ation a, and peak power 



animal 


M 

[kg] 


height of 
jump/i [m] 


distance of 
acc. As [m] 


time of 
acc. Af [s] 


a peak power source of 

1 [g] output [W/kg] data 


man standing jump 70 


0.6 


0.4 


0.23 


1-5 




Bennet-Clark 


Leopard antelope 


2.5 


1-5 


0.43 


1.6 


115 


Hill 


lesser galago 




2.25 


0.16 


0.047 


14 


915 


Hall and Graggs 


locust adult 




0.45 


0.04 


0.026 


11 


330 


Bennet-Clark 


squid tentacle 










33 




Bennett-Clark 


locust 1 instar 




0.17 


7 ■ 10^3 


0.008 


24 


430 


Bennet-Clark 


flea 


5-10 7 


0.20 


7.5 • 10-3 


7 • lo-'t 


200 


2,500 


Schmidt-Nielsen 








=300 L 










click beetle 


4 ■ 10^7 


0.3 


7.7 ■ 10-3 


6 ■ lo-"* 


382 




Schmidt-Nielsen 


trout 








0. 1-0.2 


15 




Harper & Blake 


pike 








0.1- 0.2 


25 




Harper & Blake 



5.3 Locomotion and Energy 

Energy analysis describes the motion of the center of gravity of an animal, and 
permits stages in the motion to be predicted. In the preliminary energy analysis of 
Chap. 2 we used the fact that every object has kinetic, potential, internal, and pos- 
sibly elastic energy, and that the sum of these energies plus any energy produced 
by muscle forces, or lost to friction remains constant. Here we continue this analy- 
sis paying more attention to the different forms of motion; translation, rotation, 
and relative motion. Further, we look at motion strategies that operate at a mini- 
mum of power consumption. There are several strategies to minimize power: (i) 
choose a particular geometry for the limbs, (ii) convert some unneeded kinetic 
energy temporarily into elastic energy of parts of the animal body, or into gravi- 
tational potential energy (resonance), and (iii) store energy temporarily in eddies 
in the flow around the body. 

Periodic energy storage schemes of resonance only work if the cycle frequen- 
cies of locomotion (which are set by the contraction frequencies of the muscles) 
are tuned into the natural frequencies of the elastic, or gravitational oscillations, 
or are matched to vortex shedding frequencies in the surrounding flow. In short 
the muscles motion must be in resonance with natural frequencies of the tempo- 
rary energy storage modes. 

Animals contract their muscles in order to move. They generate the required 
mechanical power P=r/ bl^ at some efficiency t] ~ 0.25 from their metabolic pow- 
er /"= br^. The less power is needed to execute a desired motion, the better. Active 
animals have a metabolic rate that is larger than the resting rate by a factor b. 
The activity factor b has typical values for birds in the range 12-15. 

Energy analysis does not reveal how long it takes to go from one position to 
another. If that information is needed, one has to use the kinematics and dynam- 
ics of the linear and angular motion. 
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5.3.1 Energy Analysis of Moving Objects 

A simple way to analyze the motion of an object like a ball, or a diver jumping of a 
diving board, Fig. 5.2 is to consider all the energies of the system: the translation- 
al kinetic energy VzMu^, rotational kinetic energy gravitational potential 

energy Mg Ah, gravitational potential energy Mg Ah, the elastic potential energy 
Vik x^, and energy consumed by friction forces 

Energy analysis is particularly useful when dealing with simple mechanical 
systems, which may be represented as mass points. The equation of conservation 
of energy is written for the system at two points in time labeled with the sub- 
scripts 1 and 2. 

V2Mu^-tV2fft)j^-tMgh^-t- Vzkx^ =y2Mu^+y2lco^+Mgh^+y2kx^+F^^As (5.27) 

M is the mass of the object, x^ and x^ are the initial and final positions of the 
spring, hj and are the elevations, and are the initial and the final velocities, 
k is the spring constant, and As is the distance through which the body was ex- 
posed to friction forces. This energy equation may for instance be used to predict 
the center of mass velocity of a heavy object such as a leopard jumping down from 
a tree, or a ion jumping over a fence. 

Consider a ball that is launched with some spin at point (1) in Fig. 5.2 a. One can 
give conditions for point (2), ^l2Mu'^^ = +Mg{h-h^. The terms with the angular 
velocity drop out because 0)^=0)^= const. The vertical velocity is zero at 
point (2). Similarly the conditions at point (3) are given by ^hMu^ + M^h^= 
V2MUj + Mghy The conditions at point (1) can be related to the energy of the 
cocked spring: V2Mu^+ V2/ C0^~y2kAx^, where Ax^ is the distance through which 
the spring has been compressed before the ball was launched. 

One can treat a jumping flea as a mass point that is launched by releasing a 
cocked spring. If the initial velocity is known, one can determine how much po- 
tential energy was stored in the spring. If one analyses the internal construction 
and measures the elongation of the stretched tissue, one can derive its spring con- 
stant k and its Young’s modulus. In order to estimate how high the flea could jump 
one would have to include the air resistance (Efj.As=jEpds) in the energy analysis 
(5.27). The calculation becomes complicated, because the air resistance, or the 
drag force of a moving object depends on its speed, see Sect. 3.4.3. 

5.3.2 Cost of Transport and Resistive Force 

Animals expend energy and power in locomotion. Energy is needed to overcome 
the resistive force F^. The energy expended per distance Ax is AE = F^Ax. Then the 
force F^=AE /Ax = can be interpreted as the energy expended per meter of trav- 

el, Ei^. In order to compare the performance of animals of different mass M, one 
defines the cost of transport parameter namely the energy expended per me- 
ter and per kg of body mass M. 
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= (5.28) 
M M 

The energy per meter can also be used to compare the three modes of transporta- 

tion (walking, swimming, and flying) employed by organisms and technical devices. 

The cost of transport can be obtained from energy data. Tennekes [1997] discusses 
the wagtail, a small bird, which crosses the Sahara desert nonstop to reach its winter 
habitat. During this 1600 km journey the bird burns up about Am = 12 g of body fat 
from a starting weight of about 35 g. Assuming an enthalpy Ah ~ 32 kj/g fat, the bird 
uses up AB = Af! • Am = 384 kj of energy. At an estimated mechanical efficiency of 
25%, the mechanical energy AEm = 96 kj is needed for the travel. Then the energy 
per meter is 9.6 • io"*/i.6 ■ 10®= 0.06 J/m, equivalent to a resistive force 

fJ = o.o6 N. At the average body mass during the flight of M = 35 g - 6 g = 29 g the 
bird’s cost of transport is E^=EiJM=2.09 J/(kgm). 

Animals moving at a speed u must generate the mechanical power P=F- u by 
metabolic processes operating at the mechanical efficiency r\. (Note that the letter 
r\ describes the efficiency and not the dynamical viscosity.) 

P=F-u=rj r=constM^^‘* . (5.29) 

One can solve (5.28) for the resistive force, F^ = T] Flu, and substitute into (5.29), 
so that the cost of transport becomes a function of the metabolic rate and the trav- 
el velocity u, which scales as u=const for walking, swimming, and flying. 
[Ahlborn, et al. 2006] 

E. = — ^ = — = — — = const ■ ^ I = const (5-3o) 

“ M M u-M 

Figure 5.9 shows empirical cost of transport data for swimming, flying and 
running. These data can be represented as allometric relations. 




Fig. 5.9. The cost of transport decreases with mass; bigger is better. Data adapted from 
Schmidt Nielsen [1972] 
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e,=c-mP. (5.31) 

The empirical proportionality constant C differs for the various propulsion 
methods. They can be extracted from the empirical data, by measuring the value of 
the particular curve at the point where M=i kg. Running (€^-7.5) is more expensive 
than flying (Cf~2.3), which again is not as efficient as swimming (Cj,=o.6o). 
Swimming benefits from the fact that little energy is expended to keep the eleva- 
tion, but of course the forward motion is hampered by drag. Birds encounter much 
less drag, but they must always work against gravity. The empirical exponents for 
swimming, running, and flying are p=-o.6, P^=-o.46, and P=-o.5g. 

One can use the power Eq. (5.29) and cost of transport relation (5.30) to derive 
the locomotion velocity as function of body mass: 

u = const • const • (5-32) 

Using the different empirical exponents j 3 one obtains the locomotion scaling 
relations for swimming, flying, and running: 

u^= const • const and Uj.= const (5.33) 

The allometric exponents in these relations are larger than expected from oth- 
er considerations (see Sect. 6.3.2, and Sect. 3.4.4) probably because the slopes 
Pp and p^ in Fig. 5.9 are not known to sufficient accuracy. 

5.3.3 Saving Mechanical Power by Slender Limbs 

All limbs are articulated around joints, to carry out rotational motion. A muscle 
driving the particular motion of a limb of mass M applies a forces F at some mo- 
ment arm d from the joint producing the torque x = F • d. The limb has the mass 
moment of inertia I. 

Newton’s equation for rotational motion T=al shows that the limb can be ac- 
celerated at the rate a = t/I. The larger the acceleration, the faster the motion of 
the limb. Long and slender legs allow the feet to attain faster speeds. So to come to 
speed quickly, the limb should be long and have a small mass moment of inertia I. 
The magnitude of I depends on the mass distribution of the leg. If most of the leg 
mass sits near the foot, the mass moment of inertia is large, and then it is hard to 
rotate leg and foot. 

However, if the leg mass is concentrated close to the hip joint, I is much small- 
er.^ The mass moment of inertia can be calculated from the relation I=jr^dm. A 
cylindrical member of mass M and length L, hinged at one end has (r/3 )ML^. 

^ A simple self experiment illustrates this point. Take a mass, say a full 2 liter juice bottle and 
swing it through a 90° arc holding it on the stretched out arm. It is not easy to do that 
quickly. However, if one bends the arm bringing the weight close to the body, then one can 
swing the weight much faster through 90°, achieving a much higher angular acceleration. 
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Fig. 5.10. Animal with legs (a) with small mass moment of inertia, (b) larger mass moment 
of inertia 



A conical member of the same mass, hinged at the base, has only 7 ^=(i/io)ML^ see 
Fig. 5.1. Consider two animals with legs of the same length, L and identical masses 
M, which are propelled by muscles generating the same torque T, Fig. 5.10. Suppose 
the legs of one animal A are shaped like cylinders, and the legs of another animal 
B are shaped like cones hinged at the base. A will produce the angular acceleration 
a^=T/o.333ML^=3T/ML^. In contrast animal B can produce the much larger 
angular acceleration a^= t/o.i MV-=\oxIMI?. If an acceleration is required to 
execute a certain motion animal A will need the torque T^= • 0.333 • MV-, where- 

as animal B will only need the Tg= tty 0.1 MV-. Clearly the tender footed animal B 
is at great advantage. Just by having the mass of the limb concentrated near the 
joints, animal B can achieve the same acceleration with only r/3 of the torque that 
animal A must apply. 

All legs of fleet footed animals, like gazelles, or horses, mice, chicken, or robins 
have muscular upper legs, spindly lower legs and slim bony feet and fingers. 
Therefore, they are able to accelerate quickly. 



5.3.4 Spring Loaded Animals 

Many animals make use of elastic energy storage in their bodies. 

Ants close their jaws, and fleas move their legs by the release of elastic energy. 
They activate cocked springs. Locusts move their wings with the flight muscles 
and simultaneously elastically deform their thorax shell and subsequently let the 
elastic forces of thorax pull the wings back into the opposite direction. Similarly, 
the cherry size jelly fish polyorcas pulls its wall radially inward with a single mus- 
cle [Megill 2002] in order to eject a water jet. In the return stroke the elastically de- 
formed wall material opens the body cavity and sucks in the next charge of water. 
As shown by (3.15) the energy storage capacity W= 0.5 LTy{AY) grows with the 
square of the applied tension force T. It is large when length L of the elastic mem- 
ber is large, and its cross section area A, and elasticity modulus Y are small. In 
some cases it is easy to calculate the forces and energies of elastic components. 
Elastic energy storage is also important for the generation of sounds: our vocal 
cords are periodically stretched as air rushes through the larynx. 
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Kangaroos have long tendons, which are stretched when the animal touches the 
ground in its hopping gait. Tendon material has a Young’s modulus of 
7=1.5 -loSN/m^ and it can be stretched by AL/L = io%. Suppose a Kangaroo of 
M=25 kg has tendons of L = o.3 m length and d = io mm diameter (area A = 7t (d/2)^ = 
7.85 • 10^5 ixi^), which are stretched by maximally 8% so that AL = o. 08 L= 0.08-0.3 m 
= 24 mm. At maximum stretch the elastic potential energy E^i= V2 kAL^ is stored and 
the maximum force F=kAL is generated. The spring constant is therefore 
k = YA!L = \.'j ■ 10® • 7.85 • io“5/o. 3 [N/m^] =3.93 • io 5 N/m, and the stored elastic energy 
is £el = V2 • 3.93 • iq 5 N/m • (2.4 -10 ^ m)^ = 1.13 • 10^ J in each tendon. If the total elastic 
energy of both tendons 2 £el is completely converted into kinetic energy in the next 
hop, the kangaroo bounces back, without using its muscles, to reach a vertical take- 
off velocity found from 2 £^1=0.5 • MUy. Hence = 4.3 m/s. 

Any body part held by elastic forces can perform oscillatory motion at a char- 
acteristic resonance frequency^. Mechanical energy is always saved if^ is tuned 
to other body frequencies, such as the leg, or the wing beat frequency. 



5.3.5 Energy Storage in Elastic Body Components 

Many structural body components have elastic properties, where an applied force 
F produces a displacement Ax or a lateral deflection Au. In first approximation the 
elastic medium maybe described by a linear response 

F=kAx. (5.34) 

For elastic components characterized by the modulus of elongation Y, cross 
section A, and length L the spring constant is k=AYIL, see Sect. 3.3.3. Progressive 
springs, which become stiffer as the force is increased, may be characterized by a 
response F=k Ax^, or even a higher power F=k AIF, or even a higher power F=k 
AL", where n > 2 . By compressing such springs by the distance AL elastic potential 
energy is stored. This energy can be found by integration. For a linear spring the 
stored energy is 

AL AL 

= J F(x)dx = I kxdx = AT . ( 5 - 35 ) 

0 o 



This energy storage does not occur instantaneously. It progresses with a time 
scale Tthat depends on the elasticity k of the spring and the attached mass M. Po- 
tential energy moves in and out of storage at a rate set by the resonance frequen- 
cy of the system. The characteristic energy transfer time T is a quarter of the 
period T = 27 i/ft)j.[. Animals can make use of elastic energy storage for reducing the 
cost of transport provided their locomotion time scale, which is set by the fre- 
quency of their feet, is matched to this energy transfer time 

T = 7r/(2C9^j). 



(5-36) 
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A condition for this time scale matching is now derived. The applied elastic 
force F=kAL acting on the oscillating mass M yields an oscillation frequency 



When k and are eliminated between (5.35), (5.36), and (5.37), a connection 
between the stored energy, and the energy storage time Tis established 



In order to achieve significant energy storage the resonance frequency must be 
tuned into the propagation frequency, or a multiple of it. If the animal changes its 
speed U it must also alter its elastic resonance frequency by changing the spring 
constant in order to fully utilize elastic energy storage. 

An example of spring constant tuning was reported by Ferris et al. [1998]. 
While running, the stance leg undergoes a longitudinal elastic change in length 
AL; it acts like a compression spring with a spring constant k. Attached to it as os- 
cillating mass is the upper body m^. This system can oscillate at the resonance an- 
gular velocity co^=2nf^ = ^ (klm^). The elastic resonance frequency^ must be ex- 
actly twice as large as the propagation frequency of the leg^ in order to have the 
largest compression at the time t^. This is when the stance leg passes 

through its vertical position, to reach the largest extension at the beginning and 
the end of each stride. 



Ferris et al. [1998] studied the stiffness of the leg for humans running at the 
constant speed 17=5.0 m/s on surfaces of different elasticity, and found that the 
combined spring constant of leg and ground was always the same, namely 
/c=30 kN/m + io%.The authors determined that 9% of the potential energy need- 
ed in each step could be stored in this elastic deformation. However, this energy 
would be largely wasted if the frequency of the periodic elastic force were not 
tuned to the leg frequency /according to Eq. (5.39). The maximum stride angle 
and leg length were not reported, therefore we assumed typical values 0^= 32° and 
L = 0.85 m. The propagation angular velocity is then co^= U/{L sin 0^) = 11.1 rad/s. 
The average body mass of the runners was kg + 10%, yielding an elastic 

oscillation frequency co^^ = ^j{kl M^) = 2^ iad/s± 10%. Hence = 

23/11.1 = 2.07. Since this ratio is quite close to 2, one can conclude that the elastic 
vibration frequency of the leg is indeed tuned to the propagation frequency thus 
allowing maximum energy to be transferred into the leg spring and to be regained 
periodically in the propagation process. 

It is suggestive to extend the concept of elastic energy storage and resonance 
tuning to other body components, such as the spine. Figure 5.38 shows the model 
animal Bipedalus Physiciensis elegans, a dinosaur type animal that walks on two 



/ = (V2 7t)/(k/M). 



(5-37) 




(5-38) 






(5-39) 
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Strong hind legs, and has a flexible spine which vibrates rhythmically with every 
step. The center of mass stays approximately on a level path as the animal strides 
along. The spine with adjacent muscles (labeled as spine unit) may be considered 
as a solid elastic member that vibrates up and down. The motion becomes effort- 
less if the elastic vibration is in resonance with the leg frequency. The hip joint 
happens to be at the highest point when one of the legs is in the vertical position. 
If the spine unit is stiffened by attached muscles, the compound stiffness k of the 
spine unit may be varied. Then the spine’s resonance frequency can be kept in 
tune with the legs at any desired propagation speed. 




Fig. 5.11. The model animal Bipedalus Physiciensis elegans oscillates its spine with every 
step cycle 



5.4 Continuous Motion 

Animals have developed strategies in the water on the land and in the air to cover 
large distance at minimum energy expense in the pursuit of food, shelter, and 
mates. All forms of locomotion involve periodic motion of the locomotor extrem- 
ities (legs, flippers, or wings). Features of simple harmonic motion and resonance 
can be detected in locomotion. Most animals are capable of different gaits, which 
change the internal resonance frequencies so that the animals can move with ease 
at slow or fast speeds. These strategies are discussed in the next chapter. 



Table 5.7. Frequently used variables of Chap. 5 



variable 


name 


units 


name of units 


/ 


frequency 


l/s 


Hertz 


I 


mass moment of inertia 


kgm^ 




M 


mass 


kg 


kilogram 


T 


period 


s 


second 


U,u,v 


velocity 


m/s 


meter/second 


a 


angular acceleration 


radians/s^ 


radians/second squared 
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Problems and Hints for Solutions 

P 5.1 Wind Speed and Rolling Resistance 

A cyclist on an old bike, going east on level ground, with a rear wind, and a me- 
chanical power of P=90 W takes 12 minutes to cover the distance of Ax = 4.0 km. 
Returning home against the wind and applying the same power she takes 21 min- 
utes. a) What is the wind velocity U^, b) how much is the rolling resistance F^.? As- 
sume a drag coefficient Cp= 0.3 and a cross section area of the cyclist A = 0.7 m^. 

P 5.2 Landing on the Feet 

Two young people jump down from a height of h = 2.0 m onto the forest floor 
which has a mud hole and a rocky flat. The boy (M = 70 kg) lands with stiff legs on 
the muddy ground, which “gives” so that he depresses the ground by Ay =5 cm 
when being decelerated from the impact velocity to 0 . a) Determine the impact 
speed Ll,.b) Calculate the deceleration (negative acceleration of the center of mass 
of the boy during landing), and determine the force on the soles of his shoes dur- 
ing impact, c) The girl (M = 65 kg) lands on the rock, but in order to reduce the im- 
pact force she lands with soft knees and moves her center of gravity relative to her 
feet by Ay = 0.5 m as she lands. What is the impact force on her soles of the feet 
during the landing? 

P 5.3 The Energy Loss of a Hunt 

a) Search the literature to collect data about a fast hunter such as wild dog, leop- 
ard, or lion. Find mass M, top speed U^, length of leg L, length of step while foot is 
on the ground S, period T=col2 n (either from T=iln where n is the number of 
steps per second, or from the distance X between two imprints of the feet on the 
ground: T=XIU^, duration T of the hunt, or the range R= U^T. Treat the motion of 
the rear leg like simple harmonic motion where the position of the foot relative to 
the vertical is 2: = Asinft)f, where A = Sli is the amplitude, and U=0)A cos(ft)f) is 
the velocity of the foot. The max foot velocity is ® instantaneous ac- 
celeration of the foot is a=0)^Asm{o)t), and the maximum foot acceleration is 
aj^^=oFA. b) Assuming that the maximum acceleration of the foot is equal to the 
maximum acceleration of the body, find the acceleration time needed to reach 
top speed U^=at. c) Determine the speed up distance (similar to the free fall dis- 
tance s = V2 g t^) . d) Calculate the kinetic energy KE, which the animal attains at top 
speed, e) Assuming that KE was obtained by the application of an average force E 
acting during the time or over the distance s^ the energy equation reads 
KE = E- s^ from which E can be found, f) Find the total energy expense of the hunt 
E^^^=E- Sj and express it in mass of body fat burned, taking into account a reason- 
able inefficiency of converting the body fat into muscle fuel. 

P 5.4 Lifetime Number of Heartbeats in Birds and Mammals 

The typical lifetime of a spark plug is about N~io^ times. Compare this number 
to the total number of heartbeats in the lifetime of birds and mammals. 
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P 5.5 Reaching Top Speed 

Figure 5.12a shows a part of stiff legged bipedal animal of mass M=io kg. The 
muscles are attached a distance a = 0.15 m and b = 0.25 cm away from the joint. The 
muscle generates a force of 800 N. The leg has a length of L = 0.75 m. 

a) Calculate the torque generated by the muscle, b) How much force +F can be 
generated at the foot by this torque? Assume that the force F is constant, and that 
the foot does not slip, so that an equal and opposite force -F appears at the center 
of mass, c) How long does it take and how far has it gone when the animal reach- 
es a speed of (i) 10 km/h, (ii) 50 km/h? 



Fig. 5.12. (a) Bird, (b) Ball thrower 



P 5.6 Wicket Cricket 

A cricket player throws a 0.3 kg ball with stiff arm over his head. Fig. 5.12b. Sup- 
pose he starts the throw at the position (1) and swings his arm through an arc of 
30°, using only his deltoid muscle. How fast is the ball when he lets go in posi- 
tion (2)? To answer this question use the geometry of the muscles as shown, take 
the dimensions of your own arm, and assume for the calculation that the arm is a 
stiff member, mass M, length L, like a beam with constant cross section hinged at 
one end. I={il'i)MLF, specific muscle force / = 2-io5N/m^. Explain all your as- 
sumptions, and approximations, a) Estimate the cross section of the Deltoid mus- 
cle and calculate its force, b) Calculate the average torque applied to rotate the 
arm. [Hint: you may simplify the problem by approximating the geometry so that 
the evaluation is more an estimate than a precise calculation; however, describe at 
the end if your method yields too small or too large a velocity], c) Estimate the 
mass of the arm and calculate the mass moment of inertia for this rotation, d) Cal- 
culate the angular acceleration, e) Calculate the time it takes to rotate the arm 
from rest at position (1) to position (2). f) Calculate the angular velocity of the arm 
at position (2). g) Calculate the linear velocity of hand and ball at position (2). 
What is the kinetic energy of the ball and the arm at this instant? h) Discuss how 
the speed of the ball could be increased. 
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P5.7 Gone with the Wind 

A small insect of mass M= 1 mg = 10“^ kg has climbed to the top of a free standing 
h = 52 m high Douglas fir, and is grabbed by a gentle horizontal wind of u^= 6 m/s. 
To which distance S will it be carried in the horizontal direction? 

P5.8 Muscle Velocities 

Make a list of the typical contraction speeds v = AL /(L • Af) of various muscles: 
wing muscles of locusts, humming birds, and pigeons, leg muscles of ants, mice, 
kangaroos, long distance runners, eyelids of a person, and plot v as function of L 
for all the different muscles. 



Hints and Sample Solutions 

S 5.1 Wind Speed and Rolling Resistance 

a) Find the speed over ground LI and LI. b) Find the mechanical energy 
E^=P- 12 min • 60 s/min, and E^=P- 21 min - 60 s/min that is expended on the trip 
to the east, and the return trip going to the west, and determine the total forces 
E^=EJAx and E^=EJAx that she has to overcome. These total forces 
and are composed of the rolling resistance E^ and the drag force e.g. 

E^= V2 Cp A where L 7 = v + is the relative velocity between cyclist and 
surrounding air. While E^ is different we assume that the rolling resistance E^ is 
the same going east an going west, c) You can write one equation for the total force 
going east and one equation for going west. This set of two equations has the two 
unknowns E and v . Find both. 

1 W 

S 5.4 Heart Beats in a Lifetime 

According to the allometric relations big and small warm-blooded animals have 
all the same number of lifetime heartbeats. The heart frequency of mammals is 
/jj=24i beats/min, and the lifetime is fj^=ii.8-M+°-^°years = 6o min/h- 

24h/day-365 days/year • 11.8 years = 6.2 • 10® years. The total number 
of heartbeats during the lifetime of a mammal is found by multiplying both num- 
bers • io®M“° ° 5 = 1.5 billion beats. This number is nearly independ- 

ent of body mass due to the very weak mass dependency ~ 1. The allomet- 
ric relations for birds are:/j^= 155 28.3 M°-^s years. These relations 

yield the total number of heartbeats Z^= fL'/jj= 2.3 • 10^ ~ 2.3 billion beats. 
It appears that the heart, of all animals is designed for a fixed number of beats. 
Birds have 2.3/1.5 = 1.5 more heartbeats than land animals. One could say that birds 
on average live 1.5 times longer than land animals. This mirrors technical devices: 
airplanes in general live longer useful lives than cars. However, technical devices 
are generally made to stand up to much less use. A spark plug is built to last for 
typically lo^ ignitions. The allometric scaling of the mass of the heart Mj^ was giv- 
en in Chap. 1 as Mj^oc M. If the heart was a physical resonator one would then ex- 
pect/jj= const Instead one finds = const There is something still to 

be explained. 
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S5.7 Gone with the Wind 

One can give a limit for the minimum distance by assuming that the object falls all 
the way with the terminal velocity Eq. (5.22) ^^,^.^^=4.5 m/s. It will then descend 

at the angle 0 given by tan 0 = {AylAt)l{AxlAt) = u^lu^=hlS. Then S=hAxlAy = 
h-u^^^^^lu^=S2m-6 ms~^l4.5 ms“^=69.3 m. Of course the organism descends 
due to gravity, but is slowed down by Stokes friction. Assume the insect can be 
modeled as a sphere, then F^=6nrT] u . This friction starts to become important 
as the animal gathers speed. Without friction it would have reached the terminal 
velocity within the time given by u or t=4-S ms'Vp.Si ms“^= 0.45 s. 

At that time the animal has dropped the distance Ay^ = Vzg tf = 1.03 m. More accu- 
rately one would have to solve Newton’s equation: May=ZE=Mg -371 dr/ where 
d is the diameter of the animal modeled as a sphere. However, such an analysis 
overlooks the fact that the flow behind a tall freestanding tree is likely turbulent. 
Assume that the insect was sitting on a small branch of diameter D=i cm, then the 
flow has a Reynolds number Re = DuJv = o.oi ■ 6/1.6 •io “5 = 3750. This is turbulent 
flow with eddies that swirl around any little air traveler in an unpredictable 



manner. 
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The gaits of animals are tuned to resonate 
With body parts that flex, or swing like pendulums 
And presently absorb some energy, 

Then let it go to help the locomotion. 

The gear-shifts of the gaits are strategies 
To change the length, or vertical acceleration 
Or springy property of body parts that oscillate 
In resonance at any speed with legs, feet, wings, or flippers. 



Moving Around 

Movement is a characteristic activity of all animals. The speed U of the movement 
is determined by a number of factors, both internal and external to the animal, 
and it is generally freely chosen. 

All steady locomotion in air, water, and on land entails some forms of periodic 
motion. Often locomotion involves resonance, which is outlined in Sect. 6.1. Reso- 
nance helps to obtain maximum amplitudes at minimum input energy. 

Locomotion in water is discussed in Sect. 6.2. Principles and limitations of 
flight are described in Sect. 6.3. Walking and running on land is outlined in 
Sect. 6.4. The motion in each medium has distinct gaits: steady swimming or es- 
cape-dashing in the water, stationary hovering, flapping-wing flying at low speed, 
and pseudo-gliding at high speeds in the air, and walking, trotting, or running on 
the land. Animals change their gaits, like shifting gears, in order to maintain reso- 
nance at higher speeds. In all three media, there are allometric relations between 
propagation speed and body mass of the form u M°-^. 



6.1 Periodic Motion and Resonance 

All steady locomotion involves some forms of periodic motion, which is general- 
ly accompanied by periodic energy expenditure due to acceleration and decelera- 
tion of limbs, and the raising and lowering of the body’s center of mass. Such en- 
ergy exchange occurs in swimming, in the flapping flight of insects and birds, in 
the brachiation of apes and monkeys, and in the various gaits of terrestrial loco- 
motion. Much of this energetic cost of transport can be recovered through an ex- 
change between surplus kinetic energy and gravitational potential energy in 
swinging appendages, like legs, arms, and tails [Alexander & Bennet-Clark 1976], 
or by an energy exchange with elastically deformed limbs and spines [Alexander 
1988], or other body components. However, all this temporarily stored energy can 
only be recovered if the timing is right, namely if the fixed internal resonance fre- 
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quencies^gj associated with pendulum or elastic oscillations, are tuned to the lo- 
comotion frequency /j^. 

Periodic motion can be analyzed as a kinematics problem - resonance is a dy- 
namic process. 



6.1.1 Periodic Motion 

Many motion sequences of animals are periodic with some cycle time T or fre- 
quency /=i/T; wing beats of birds and insects, fish tail motion in steady swim- 
ming, motions of legs, and even in the vibration of sound producing organs. To 
study the physical parameters of such motion, consider a fish tail, of length L 
shown in Fig. 6.i. 




The tail angle 0 can be found from the lateral displacement y of the tip of the 
tail from the triangle abc as y =Lsin 0. This angle changes periodically with an 
angular velocity Q = d0/df. The tangential velocity of the tail tip is therefore 

The angular velocity Q has a maximum value when the tail flips through its 
center position (y = o), and Q is zero when the tail tip has the largest deflection 
y = + A. One can find the instantaneous values of Q and hence the angular accel- 
eration a = dQ/dt by looking at the motion of the tail tip. 

The mathematical description of the tail tip motion is easy if it may be approx- 
imated as simple harmonic motion: the tail tip swings to the left and the right like 
a sine wave with the lateral deflection y = Asin(27t^f) =A sin(ft)^f). Then the y- 
displacement is equal to the projection of uniform circular motion at the angular 
velocity ft)^=27t/on the reference circle, shown in Fig. 6.i. The system has a natu- 
ral frequency 



/= C0^/2K = iIT. 



( 6 . 2 ) 
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The velocity component in the y direction of the reference circle, u^, is exactly 
equal to the y-component of the velocity of the tail tip: 

Uy=dy/dt=co^A cos{co^t)=Lsin(l)^-cos{co^t) . (6.3) 

The lateral acceleration of the tail tip is 

a^=du/dt=-{co^y L sin (l)^- sinicoj) . (6.4) 

A similar periodic motion arises when an appendage, like an arm or a leg, is 
loosely connected to a joint, and allowed to swing like a pendulum. Suppose the 
appendage is first pushed to one side to the deflection (amplitude) A, and then let 
go. Initially the pendulum will gather speed due to gravity, then swing through the 
rest position at maximum velocity, and thereafter decelerate as it ascends on the 
other side, to reach about the same lateral deflection A. Subsequently the motion 
is reversed, the pendulum swings back to the starting position, and continues os- 
cillating back and forth. This pendulum motion is a continuous exchange of grav- 
itational potential energy into kinetic energy, and back into potential energy. At 
the bottom of the swing the energy is all in the kinetic form. At maximum deflec- 
tion of the swing all the kinetic energy has been converted into potential energy. 
The natural frequency of this motion is^= C The value of the constant C 

depends on the mass moment of inertia I of the appendage. 

The tail of a fish is driven by muscles, which can only produce tension forces. 
Therefore, two opposing muscles are needed, represented by the top and the bot- 
tom curve in Fig. 6.2. They pull alternately in opposite directions. 





Fig. 6.2. (a) Muscle activation and tail motion for a compliant muscle, (b) Phase motion; 
limb motion activated in phase during every third oscillation period 



For instance, the muscles pulling the tail to the left should be applied while the 
tail is swinging towards the left. The maximum force of the muscle on the right 
side of the body should be applied at the moment when the tail moves through its 
center position. Fig. 6.2 a, so that the force is shifted in phase by V4 of a period rel- 
ative to the displacement, see Fig. 6.2 a and b. 

It is obvious that the muscle contraction must be carefully timed. This calls for 
sharp internal senses to determine the position of the moving limb. In principle 
the force could be applied at any arbitrary frequency^. However, if^ is much 
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higher than the natural frequency/of the system, the tail tip will be unable to fol- 
low - the tail just does not move at all. If the frequency of the applied force is small 
compared to/, the tail tip moves in phase with the force. This is not ideal because 
there should be a phase shift of V4 period. The most efficient way is to make /p 
equal to/. This condition is called resonance. 



6.1 .2 Resonance, a Principle to Reduce Energy Consumption 

Any body part held by elastic forces can perform oscillatory motion at a charac- 
teristic resonance frequency/. Mechanical energy is always saved if / is tuned to 
other body frequencies, such as the leg or the wing beat frequency. 

Some muscles of the body are contracted at regular intervals, exerting a time 
varying force I/(f) with a period T or frequency /=i/T in order to move a part of 
the body, so that the limb velocity u{t) changes periodically with time. Members 
that are held by an elastic force (generated by ligaments, tendons, tissue, or carti- 
lage), and limbs that are subject to gravity (like a pendulum) have their own char- 
acteristic mechanical resonance frequency/. If the frequency of the driving force 
/is tuned to the member frequency /=/, a small periodic force can maintain a 
large amplitude oscillation. This amplification process is of great technological 
and biological significance. Animals make use of it in walking, running, swim- 
ming, and flying, in hearing, voice production, and probably even in the process of 
detecting and emitting light and electric fields. 




Fig. 6.3. Examples of periodic oscillations, (a) Elastic block or bell, (b) tuning fork or bend- 
ing member with heavy mass m, (c) wings moved by elastic oscillation of thorax 

It is not even necessary to energize the periodic motion in every cycle. Just as 
one can keep a swing going by pushing it only once in a while but precisely at the 
right phase, many technical and biological systems can be kept going at the reso- 
nance frequency/ if the excitation occurs only every n**' cycle. Then the excitation 
frequency /| is only//n. However, careful tuning is required in such phased mo- 
tion. Thus, high frequencies of wings or legs can be maintained if these extremi- 
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ties are tuned to internal resonances In fact, some insects have a muscle 
frequency^ which is a factor n = io lower than the wing beat frequency^jjjg=^. 

All systems with a restoring force (namely a force F that opposes a deflection s 
according to F=-ks) oscillate in simple harmonic motion (SHM) when displaced 
from the rest position by some distance As. A well known example of SHM is a 
mass m connected to a spring with the spring constant k, as shown in Fig. 6.3b. 
The mass oscillates with amplitude A and frequency /in vertical direction accord- 
ing to y= A sin 2 7t/f, supported by the elastic force of the spring F=-ky. The an- 
gular frequency of this motion is CO^= 27 t/. The acceleration calculated from (6.4) 
is a^=(Py/dF=-co^A sinm^f. Newton’s equation F= m can therefore be written 
as -ky=-kAsinco^t = m{-co^A sin coj). The factor -A sinm^f cancels leading to 
k=mco^, so that one obtains the spring resonance frequency/ 



A similar equation can be written for angular motion. In pendulum motion the 
spring force is replaced by gravity. For small deflection amplitudes a pendulum of 
length L oscillates at the pendulum resonance frequency /= inco^ 



where the constant is a function of the mass moment of inertia of the pendu- 
lum. Ideally, in the absence of friction, the system swings forever and ever. 

Every organism tries to maintain its periodic motions of locomotion with the 
least possible energy input. In walking, swimming, and flying at some propagation 
velocity u the animal must overcome all external motion induced forces, symbol- 
ically represented by the net force F. Hence, locomotion requires the mechanical 
power P=F-u. The animal accomplishes this task by pulling the limb with a 
periodic force F^{t) that is generated by the locomotion muscle(s). In inanimate 
mechanical systems power is only required while a locomotion force F moves an 
object at some velocity u. No motion, no power. In contrast, muscles consume 
metabolic power even if the limb is not moving at all. The force should act only 
when the object is moving in the direction of the force. Velocity u{t) and force 
F^{t) must be carefully timed and applied at the right phase of the motion in or- 
der to obtain the most efficient energy transfer from muscle to moving limb. 

Consider a harmonic deflection y = A- sin ft)f which is associated with the ve- 
locity u = ft)Acosft)f=ft)Asin{ft)f-7t/2}, where (0=2nf^=2KlT is the angular ve- 
locity on the reference circle. The phase of the velocity lags behind the phase of 
the displacement by exactly V4 of a revolution, see Sect. 6.1.1. For the most efficient 
power input the driving force should also lag behind the displacement by S=nl2. 
This does not happen when the driving frequencies are very slow, because then 
the displacement will follow the driving force very closely (d= 0). 




(6.5) 




( 6 . 6 ) 
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Fig. 6.4. (a) Displacement velocity, u, and driving force F for simple harmonic motion, 
(b) Amplitude A and phase difference 5 as function of driving frequency/. Resonance oc- 
curs at/=/jj 



In the other extreme, when the driving frequency is much larger than the reso- 
nance frequency /j, the object is not at all able to follow the force. In this case the 
object is too slow to follow the force: just as the objects gets going in a certain di- 
rection the force has already reversed its direction. Therefore, the resulting ampli- 
tude remains very small. At high frequencies the object and the force are always 
going in opposite directions: S~-n Detailed analysis of simple harmonic motion 
driven by a periodic force reveals that the phase angle d changes smoothly from 
3=0 to 3 =-k as the driving frequency/is increased. Fig. 6.4b. Exactly when the 
driving force is in resonance with the motion, at/=/^, the phase angle has the op- 
timum value 3 = nli for the best power transfer between the applied force and the 
resulting motion. Then very little energy is needed to maintain the motion, and 
the amplitude has its largest possible value. Figure 6.5 illustrates this point. In this 
graph the power (force • velocity) is given as a function of the normalized angular 
velocity co/co^ for a pendulum that is made to swing at constant amplitude. In this 
example the motion has a damping constant 7= cojs- Note the rapid increase of 
power when colco^ goes beyond 1. 

A nice illustration of a tuned resonance is the longitudinal oscillation of legs. 
During the running process the stance leg undergoes a small elastic change in 
length AL. The elastic force kAL acting on the body mass M yields an oscillation 
frequency /^=(V 27 t)(/c/M)'^L The leg should have the largest compression AL^^^ at 
the time /, when the stance leg passes through its vertical position, and it should 
reach the largest extension at the beginning and the end of each stride. This is ac- 
complished if^= zflg is exactly twice as large as the propagation frequency/. Fer- 
ris et. al. [1998] studied the stiffness of the leg for humans running at the constant 
speed of 5.0 m/s on surfaces of different elasticity, and found that the combined 
spring constant of leg and ground was always the same, namely k = ^.o- 
lO^N/m + 10%. When the ground is soft the leg stiffens up, when the ground is 
hard, the leg becomes more elastic. The maximum stride angle and leg length were 
not reported therefore we assume typical values (l)^= 32° and L= 0.85 m. The angu- 
lar frequency of propagation is ft) = 27 t/= I 7 /(Lsin = 11.1 rad/s. The average 
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Fig. 6.5. Power P normalized to the power at resonance needed to maintain a pendulum 
at a fixed amplitude as function of normalized frequency co/co^ 



body mass of the runners was quoted as M=56.3 kg + 10%, yielding an elastic os- 
cillation frequency CO^= ^l{k/M) = 23 rad/s + 10%, which is about twice as large as 
ft). The leg stiffness is tuned, as expected, to produce resonance between the elas- 
tic vibration and the leg frequency. 

The use of resonance in locomotion reduces the cost of transport. However, the 
energy savings come at a price - the motion is tied to the resonance frequency. 
Animals generally need to travel at various speeds. They therefore have developed 
various strategies to vary their resonance frequencies by tuning the parameters 
upon which the resonance depends: the spring constant k, the mass moment of in- 
ertia I, the length of the appendage L, or even the effective vertical acceleration of 
pendulum motion [Ahlborn et al 2006]. Some examples will be discussed later. 



6.2 Locomotion in the Water by Flippers and Tails 

Nature has reinvented propagation mechanism for animals in air and water many 
times during the evolution of species. Fig. 6.6. Effective propagation requires first 
an optimal body shape and second efficient propulsion organs such as flippers or 
wings. 

Locomotion in water, air, and on land can proceed in different gaits. Birds can 
glide and soar, or flap their wings rapidly for speedy advance. Land animals walk 
trot, or run, and fish can idle along or dart rapidly. The muscles must be applied to 
push backwards so that the body will move in the forward direction. In flying or 
swimming much of the retarding forces are associated with drag. The best strate- 
gy to reduce this drag is to avoid moving any limbs against the forward direction: 
generate propulsive forces by lateral motion. Flapping wings and flipping tails il- 
lustrate this strategy. 

Since many body functions scale with body mass one might suspect that the 
empirical propagation speeds of various animals of different size do also exhibit 
allometric relations of the form 
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wings 



QJi single cell 

Fig. 6.6. Flippers and wings invented by insects, fish, birds, and mammals 



U=a^M^ . 



(6.7) 



Indeed such a relation exists for flying animals, Sect. 6.3.2. The great flight dia- 
gram, Fig. 6.20, assembled by Tennekes [1997] , yields the empirical flight velocity 
relation Uq ~ 15 The walking speed. Sect. 6.4.2 scales as I7^<= and a sim- 
ilar relationship seems to exist for brachiation. Sect. 6.4.1, and for swimming. 
Sect. 6.2.1. In principle the propagation velocity can also be deducted from cost of 
transport data displayed in graphs like Fig. 5.9. Propulsion strategies are dis- 
cussed in Sect. 6.2.2. The most energy effective strategies in swimming and flying 
are propulsive motions where the muscles apply forces at right angles to the swim- 
ming or flying direction. At very slow speeds the organism has only to contend 
with friction forces, Sect. 6.2.3. At high speeds animals extract forward momen- 
tum from vortex production. Sect. 6.2.4. 

6.2.1 How Fast Are Swimmers? 

Is there a systematic relation between body mass M of aquatic animals and their 
typical swimming speed 17? Intuitively one would assume that small animals swim 
slower than large ones. Average velocities of aquatic animals can be found in the 
literature. Such values from various sources are plotted as function of body mass 
in Fig. 6.7. 

The data can be approximated as an allometric swimming velocity function of 
body mass M 



To the best of the author’s knowledge, no model has been proposed to explain 
this allometric velocity relation. The data suggest the scaling of body lengths L ~ 
m. However, for large fish with masses above 10 kg the scaling is better de- 
scribed by iiarge= 1-5 m. 



°-5 m/s, where 0.5 . 



( 6 . 8 ) 
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Fig. 6.7. Swimming velocity Lt ^ given in m/s and in body length per sec ( / L); and body 
aspect ratios X=D/L as function of body mass M. Data collected from various sources by 
M. Y. Yeung [2001] . The gray whale velocity was measured by Megill [2000] 



From these data one can derive the specific swimming velocity u^=UIL, which 
describes how many body lengths the animal advances per second. 

u=U/L-^2M~°-^Hz (6.9) 

Also shown in Fig. 6.7 is the aspect ratio, defined as profile height D divided by 
body length L. The total drag or compound drag of a submerged object is com- 
posed of skin friction and hydrodynamic (vortex production) drag. The com- 
pound drag depends on the aspect ratio, as outlined in Sect. 3.34. It has a mini- 
mum for a certain aspect ratio. For mid-sized fish the drag minimum is found to 
be X=D/L = 0.25. This aspect ratio is indeed attained by fish in the body mass 
range up to 10^ kg . However, for large aquatic animals the drag minimum is shift- 
ed to smaller aspect ratios. Large whales have aspect ratios approaching X ~ 0.12. 



6.2.2 Propulsion Strategies at Higher Speeds 

Flippers are built to generate forward forces. Think of an oar, it is pulled through 
the water at the velocity u in the backwards direction, so that the reaction force 
can drive the boat forward at the speed U. Swimming dogs cannot lift their legs 
out of the water. Instead they pull their legs forward with contracted claws and 
pulled in lower limbs to reduce the resistance, on the backward power stroke they 
extend their paws providing a larger area for increased resistance. 

Flippers and wings are built to use a different principle: the main motion is not 
parallel or anti-parallel to the propagation direction, but rather at right angles to 
the body motion. Therefore, there are no phases where flippers or wings move op- 
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posite to their traveling direction. If the object moves with high velocity u through 
the fluid so that the Reynolds number Re = udlv exceeds the value too, eddies will 
appear. These vortices cause additional drag on the moving object. However, a 
skillful swimmer can make use of the eddies to improve the propulsion. 

The main principle of generating thrust by lateral motion is first the creation of 
a rearward jet of mass flow J and velocity U, and second the judicious use of ed- 
dies that are produced in the surrounding fluid. These principles will be discussed 
in the following sections. 




Fig. 6.9. Propulsion strategies: (a) flexing the limb, (b) rotating the limbs, (c) thrust pro- 
duction by wing, (d) lateral tail deflection, (e) flipping flippers or wings 



6.2.3 Swimming at Slow Speeds 

Any object pulled or pushed slowly through a fluid medium, like air or water, ex- 
periences skin friction drag forces. They arise because some fluid elements attach 
themselves to the body and are dragged along carrying with them adjacent layers 
of fluid in a region called the boundary layer, see Fig. 6.10 a. The object must con- 
tinuously accelerate new layers of water as it slips through the fluid. Acceleration 
requires a force: the skin friction drag force. 

Slow swimmers need only to fight the boundary layer drag. The propulsive 
force F can be generated by a flagella, connected to the body at the root R. It whips 
up and down, sideways or in a circle, like a cowboy may move his bull whip. The 
oscillating flagella looks like a transverse wave that emanates from the root and 
travels to the loose end. Fig. 6.10b. 
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Fig. 6.10. (a) Slow swimmer (Re <SC lOo) pushed through fluid by flagella, (b) Flagella motion 



Consider the motion after some time interval Af. The wave has traveled rear- 
wards through the distance Az. Fluid elements attached to the flagella at points i 
and 2 must have been forced backwards through the distance Az. There must be a 
net motion of fluid J kg/s in rearward direction streaming at the bulk velocity u, 
Fig. 6.10 a. The body wave also has motion components in they-direction. Howev- 
er, there is no net fluid motion in the y-direction because the lateral motion -FAy 
of fluid elements at point i is annulled by an equal and opposite motion in -Ay at 
point 2, half a wavelength downstream. 

The rearward flow generated by the flagella acts similarly to the exhaust flow of 
a rocket. It generates a thrust force F=Ju that propels the body and gives it a 
steady forward velocity V. In steady state the thrust force F is exactly equal to the 
drag force F^ that impedes the motion. For a spherical body of radius r propagat- 
ing at slow speeds (Re « lOo) one may use Stoke’s friction to relate the thrust force 
^ = -Pstokes>and the velocity y 

^stokes =6 7 ^ '■' 7 ^- (6.10) 

For the calculation of this force refer to viscosity t] values are given in Table 3.4. 

Consider an organism of r = i.4pm swimming in blood plasma (? 7 bpl~i' 6 ' 
io"ikg/ms) at 4 body length per sec. Its speed is [ 7 = 4 • 2 r 8 ■ 1.4 • io“°ms”* = 
11.2 pm/s. It must generate a propulsive force f = 671 1.4 • 10'® m • 1.6 • io“im • 1.12 • 
10^5 kg/ms = 4.7 • i0”O N. Not a big force indeed, but enough to propel the organism. 



6.2.4 A Model for Fish Propulsion from Rest 

Some time ago it was noted that the drag force acting on the body shape, such as a 
(dead) fish, is about 10 time larger than the muscle force which the fish could gen- 
erate in steady swimming. Fish should not be able to swim at all [Gray 1955]. This 
contradiction is known as Gray’s paradox. Dead fish create a flow field, which dif- 
fers radically from the pattern that living fish generate in the water. 

When objects move quickly through the water they produce eddies. It appears 
that swimming animals actually make use of these vortices for their forward 
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Fig. 6.11. (a) Von Karman vortex street of wakes of a dragged object (passive wake), (b) Ac- 
tive wake of fish 

propulsion. A model for this motion is given below. There are fundamental differ- 
ences between the flow field created by objects that are passively pushed through 
a fluid, Fig. 6.iia, and objects that actively propel themselves by pushing fluid, 
Fig. 6. lib. At Reynolds numbers exceeding Re ~ lOO vortex pairs are ejected in a 
rearward direction. 

Dragged objects produce a passive wake, the von Karman vortex street where 
the fluid in the wake river follows the object meandering between two rows of reg- 
ularly spaced vortices. Fig. 6.iia. Drag and vortex shedding frequency are closely 
related [Ahlborn, Seto, and Noack 2002 ]. The vortices have the same sense of ro- 
tation as the eddies that are generated on the body itself - they mesh the forward 
motion of the object and its wake to the stagnant fluid sideways of the object. The 
energy required to establish the vortices and the wake-river, which meanders be- 
tween them, causes the hydrodynamic drag, sometimes also called the form drag 
of the object. 

In contrast, the fluid in the active wake of a self-propelled object moves in the 
opposite direction to the body and all the vortices of the active wake rotate oppo- 
site to the von Karman vortices. 

The second difference of these two flow types is the manner in which the wake 
river is set into motion. In the passive von Karman vortex street, the wake fluid is 
dragged by tension. It is sucked forward by the reduced base pressure behind the 
object. The active wakes of the aquatic animals are compression driven. Fluid is 
pushed rearwards by forces generated by the tails or flippers. This process gener- 
ally breaks up the wake flow into jet- like current sections, which are deflected al- 
ternately to the left and to the right, each carrying a vortex pair at their leading 
edge, Fig.6.iib. The flow field of the fore-body actually helps in the propulsion 
mechanism. The anterior part of a swimming fish behaves like a dragged object, 
producing “anterior” vortices that roll along the body with the rotational sense of 
a passive wake. The vorticity of the “wrong sign” is bought with an energy loss in- 
curred when overcoming the form drag of the anterior part of the fish. The eddies 
set up by the fore-body have the same sense of rotation as the startup vortex in the 
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Fig. 6.12. Body with non-slip boundary layer 

fast start mode. They facilitate a structure in the water against which the animal 
can lean its tail to gain forward momentum. In slow and stealthy motion the fish 
might just annihilate the vorticity; however, for the generation of maximum 
thrust, the tail fin would invert the sense of rotation of the initial vortices and pro- 
duce an active wake with vortices that turn in a direction opposite to the anterior 
body vortices. 

The rate of production of vorticity can be obtained by taking the curl of the 
Navier Stokes equation, see Batchelor [1967]. 



Most important is the third, vorticity-generating term on the right hand side. 
This quantity is zero by the well known vector identity as long as the pressure field 
contains no discontinuities. However, V x (i/p) Vp can be non zero when the po- 
tential field contains a jump at some contour line, where pip attains different val- 
ues if the contour line is approached from different directions. This happens for 
instance at the surface of a body. For further details see Ahlborn et al. [1997], and 
Ahlborn, Lefran9oise, and King [1998]. 

This substitution is valid because: 1) The inertia of the infinitely dense fluid 
prevents it from being moved by the fluid flow, thus making it effectively rigid. 
2) The Navier Stokes equation ensures that the velocity is continuous across the 
interface between the two fluids, thereby establishing the no slip condition. 

To see this most clearly, replace the rigid body and its awkward no-slip bound- 
ary condition with an equivalent volume of infinitely dense fluid. With suitable as- 
sumptions (6.11) can be integrated over an area to obtain the rate of change of cir- 
culation r’ produced by the difference of the pressures p^ at the stagnation point 
in front and the base pressure behind the object. 



This equation may be interpreted in two ways: (i) when p^>p^, the right hand 
side is positive the final circulation is larger than the initial circulation This 
implies that vorticity is generated by the drag force. 



^’= d ^1 d t = -{u-V)^+{^-V)u-Vx{ilp)Vp +vV^ ^ 



(6.11) 




(6.12) 
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4ag = jpda-jpda = A(p^ -pj (6.13) 

fa fb 

where A is the cross section area of the object obstructing the flow. Integration is 
carried out over the front surface^, and the back surface /j,. (ii) If on the other 
hand vorticity is destroyed the right hand side must be negative and 

must be larger than p^. Thus a propulsive force is present. It is related to the rate 
of change of the circulation. 



With the condition Eq. (6.14) describes the stealth motion of propul- 

sion, arising from the destruction of some initially existing vorticity. The propul- 
sive force increases if the initial and the final circulation and have different 
signs, so that 

(^n- ^in) = (^n- = ' (6-lS) 

Hence, one can see that a large propulsion force can be generated through the 
reversal of the direction of the vorticity, and any initial vorticity of the dragged 
fore-body actually increases the propulsion force. 




Fig. 6.13. Propulsion model, (a) Produce 




eddy, (b) Extract forward momentum 



The inspiration for this propulsion model came from experiments with flat 
plate tail models in a water tank. Flow visualization revealed the vortex structure 
Ahlborn et al. [1991] . The initial side flip of a tail generates a start up vortex, which 
has the “wrong” sense of rotation. The forward force is produced on the return flip 
where the tail pushes against this eddy and either stops it or even turns it in the 
opposite direction. Some of the energy seems to be stored in elastic deformation, 
because slightly flexible tail fins generate more forward momentum then either 
stiff or soft tail fins. 

The first sideways flip generates an initial eddy with the energy yilctf and 
the angular momentum G^=Ico = {lEJco). Subsequently, the tail is bent to apply a 
push in the -x direction, which changes the angular momentum of the eddy from 
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to by applying the force with the moment arm representing the torque 
T. Let Af = r/4be the time that the force is appliedT = f^jy.= dG/df = AG/Af = (G^- 
Gj) / ( T/4). Then a force spike is created. 



Fy=4{G-G,)/{y,T) (6.16) 

Measurements with fish tail models mounted on a force transducer platform 
revealed this force spike at the time when the vortex pair separates from the tail 
Ahlborn et al. [1997]. 

In stealth motion the fish may elect to leave no eddy behind making G^=o. 
Then F^=~aGJ y^T. A larger force F^ can be extracted if G^ is negative. One can 
show that the least energy is needed if the angular momentum is exactly inverted; 
G=G^. In inverting the direction of circulation, the fishtail turns the flow field of 
the fore-body (which would yield a passive wake) into an active wake. 

As in so many other circumstances, nature has managed to turn an adverse 
event into an advantage. The eddies generated by the fore-body would mean extra 
drag. However, in reversing the direction of the circulation of these eddies the fish 
is able to extract additional forward thrust. These eddies act like stepping stones, 
and the total kinetic energy lost to the water stays at a minimum. 



6.3 On the Wing 

Air is less dense than water by the factor 1000. Therefore, animals who take to the 
wing, can never be neutrally buoyant. They must continually produce lift to sup- 
port their body weight, and propulsive forces to move. This calls for different 
strategies than aquatic propulsion. The smaller density of the air leads to much 
smaller inertia forces residing in any eddies. Therefore, only insects and very 
small birds can lift their weight by shedding eddies in unsteady motion. Air glides 
smoothly over the wings, as seen in the flow field simulations (Figs. 6.14 and 6.15) 
showing a wing profile in a towing tank photographed by F. Ahlborn [1918]. 

The wing profile is dragged through the water in a tank at some speed U and it 
is photographed with time exposure Af = 0.025 s by two different cameras. One 
camera is dragged with the wing (Fig. 6.14), showing the streamlines of the water 
that sweeps by. The other camera sits motionless besides the tank (Fig. 6.15). No- 
tice how the wing is smeared out in this photo since it has moved some distance 
during the exposure time Af. As usual in Fluid Dynamics, the propagation veloci- 
ty is designated in this section by the upper and the lower case letter 17. There 
should not be any confusion with the internal energy U since internal energy is 
not an important parameter of fluid flow. 
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Fig. 6.14. Flow field around a wing profile as seen from the moving body (Lagrangian 
reference frame). Photo Friedrich Ahlborn, Collection [1918] 




Fig. 6.15. Flow field created by a wing moving through the fluid. Laboratory (Eulerian) 
reference frame. Photo Friedrich Ahlborn, Collection [1918] 



6.3.1 Generation of Lift 

Lift can be generated in steady and unsteady motion. The unsteady lift is associat- 
ed with vortex shedding. Insects and humming birds make use of this continuous- 
ly, and bigger birds use it during take off and landing. However, bigger flyers don’t 
possess the muscle power to use unsteady lift for more than a few wing beats, and 
they could run afoul of the drag/lift crisis where only very small vortices are shed. 

The steady lift force is generally given as function of speed 17, wing surface 
area S, density of air p, and an empirical constant Cj^ the lift coefficient. 

F^=V2C^pSW (6.17) 

Lift in steady motion can be explained (i) by the Bernoulli effect, and (ii) by the 
continuous deflection of air in downward direction. The air passes more quickly 
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(b) 



y 



Fig. 6.16. (a) Bernoulli effect on wing, (b) Bird in steady flight 




b 



Fig. 6.17. (a) Wing moving relative to air. (b) Air flow relative to wing 

over the top surface of the wing than over the bottom surface, generating a lower 
pressure above the wing. The air stream on the lower side is deflected downward 
by an airfoil with attitude angle p. This down wash acquires a velocity component 
-Uy= u, which gets larger with increasing p. The down draft represents a vertical 
momentum flux that generates a thrust force with vertical component +fy which 
lifts the wing. Both effects are combined in the lift coefficient, which one can for- 
mally write as C^=C^ + Cj^, where Cg describes the Bernoulli component of the lift 
and Cg the down wash component. 

From empirical data as shown in Fig. 3.23 it is known that Cg grows with the at- 
titude angle p. This dependency can be derived from first principles for the down 
wash thrust force using the conservation of mass. Consider a flat plate of length 
L and span D, inclined at the angle p, which moves through the air at the speed U. 
This model wing is shown in the reference frame of the air in Fig. 6.15. We neglect 
the frontal mass flow, which slips over the upper edge of the wing, and assume that 
all the mass is deflected downwards. In the reference frame of the wing. Fig. 6.17b 
the air is approaching at the speed 17 . Every second the mass of air, contained in a 
box of height H, width L, and length Ax= U-i s, must be deflected downwards. 
The frontal cross section of the wing LH=LD sin P depends on the angle of attack 
P.The projected area of the wing as seen frombelowis LG=LD cosj 3 . The incom- 
ing mass flow J^=pHLU must be equal to the mass flow J^=pGLu departing 
from the wing in vertical direction, since no mass is lost in this process. Hence the 
air is deflected downwards at the average speed u 



u = 



pHLU _H 



pGL G 



= — -U=U- 
G 



sinP 

cos /3 



U ■ tan p . 



(6.18) 
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The vertical mass flow is J^=J^=pGLu=pLuDcosfi. Therefore, the vertical 
component of the lift force is: 

fy=7yW =(cosj3 • tan l 5 )pDLu^=y 2 C^pDLU^. (6.19) 

The lift force is a function of the wing surface area S = DL, the hydrodynamic 
impact pressure V2 p U^, and down wash lift coefficient Cj^. For both wings 

C^=2 cosj3 • tanj3 =2sinj3 . (6.20) 

This coefficient represents one part of the lift coefficient Cj^= Cg + Cj. The oth- 
er part Cg is attributed to the Bernoulli effect. The Bernoulli component of the lift 
is the major effect particular for small attitude angles p. The derivation of 
Eq. (6.19) shows that the lift force is a function of the wing surface area DL, the 
density of the air p, the square of the velocity U, and the attitude angle p. In reali- 
ty, lift coefficients must be obtained empirically. Typical values are 0.2 < Cg< 1.5. 

In addition to this steady lift many birds use other effects to stay aloft. Fig. 6.18. 
Seagulls, albatross, eagles, and vultures utilize updrafts and thermals to gain ele- 
vation. Many sea birds fly close to the water surface in order to use the ground ef- 
fect, where air is trapped between wings and water surface. The birds then glide on 
a cushion of increased pressure. 

W/S 
100 
N/m2 

10 

1 ION 100W 

Fig. 6.19. Wing loading W/S = Mg/S [N/m^] of sea birds. Data adapted from Tenekes [1997]. 
Note that the wing loading is generally less than io "3 atm (1 atm » lo^ N/m^) 
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The wings must carry the weight W=Mg of the bird. A figure of merit is the 
wing loading W/S. This quantity increases with body mass, Fig. 6.19, and with 
speed U, see Eq. (6.21). Note that these wing loading values are not very large. The 
maximum W/S ~ 100 N/m^ encountered by the wandering albatross is only 1/1000 
of an atmosphere. When inflating a balloon by blowing into it, our lungs easily 
produce a pressure Ap that is hundred times as large (Ap = lo^ N/m^). 



6.3.2 The Minimum Flight Velocity 

Any flat surface that is exposed to a flow of air of speed U and is tilted at some an- 
gle of attack a will experience a lift force and a drag force F^, see Sect. 3.4.3 and 
Sect. 3.4.6. The lift force F^= y2C^S depends on the surface area S of the 
plate, the drag force Ep= is a function of the frontal area of attack 

A = S- sinp. The drag force is considered a loss, while the lift force keeps the flyer 
aloft as long as F^>Mg. The lift coefficient Cj^ depends on the angle of attack P, see 
Fig. 6.16a. With a typical value Cj^= 0.6 at P~ 6° taken from Fig. 3.23, one finds 

^^^^LPair“°-3>thuS 

W=Mg = o.3SU\oiWIS = o.3U\ (6.21) 

This lift force increases with the velocity. The larger the velocity U the more 
weight W can be supported. With the help of (6.21) one can determine for any giv- 
en weight Mg and surface area S the minimum speed U that is needed to exactly 
support the weight Mg by the lift of the wings. Let L be the typical lateral dimen- 
sion of a flyer, then for flying objects that are similar W~L^, or L~ W'h. Then 
S^v-^W\ so that 



W/S = const W/ = const W'h = const (MgY^i . (6.22) 

The quantity W/S can be eliminated between (6.21) and (6.22) in order to ob- 
tain the flight velocity 17 as a function of the 1/6**^ power of the body mass M 

U=a^M^' 6 . (6.23) 

Experimental values of flight velocities as function of body masses are known 
from the great flight diagram by Tennekes [1997]. These empirical values are re- 
produced in Fig. 6.20. The flight velocities can be approximated by an allometric 
relation with the exponent Vg, shown as dotted line U^. The empirical metabolic 
factor Uj = 15 can be found by reading the velocity from the dotted line at the mass 
M= 1 kg. The gentle slope of the flight velocity curve has great importance for the 
lifting heavy bodies. If the flying speed is increased by a factor 2, the weight of the 
flying body can be increased by a factor of 2® = 64. 

Figure 6.20 shows that this rule apparently applies to every actively flying 
structure. The graph covers over 12 orders of magnitude in weight, from the tiny 



210 



6. Locomotion 




Fig. 6.20. The great flight diagram. Data adopted from Tennekes [1997] 



scorpion fly to a Boeing 747. Sky surfers and ultra lights, do not fit in because they 
use updrafts to stay aloft. 

The Gossamer Albatross, built by the team of McReady, crossed the English 
Channel to win the Kremer Prize. It was powered by a cyclist, who produced a 
steady 125 W of mechanical power. The ultralight flew very close to the water sur- 
face to utilize the ground effect. Halfway across the Channel it encountered a 
tanker, and in order to avoid a collision the aviator pulled the plane up and over 
the ship. This required so much extra effort that the cyclist did not have enough 
energy left to fly the plane up the beach to the waiting dignitaries. Instead he 
crash-landed the Gossamer Albatross into the surf of the French coast. 

Birds have to overcome the drag resistance F^= ^hC^A^p IP, which depends 
on the front surface area Ap the speed 17, and the drag coefficient Cp. If they fly the 
distance d they will expend the energy 

AE = Epd. (6.24) 

By solving this equation for F^=AE!d one can see that the drag resistance may 
be interpreted as the energy expended by the object per distance of travel d. The 
energy AE has been imparted to the fluid. It resides initially in the induced fluid 
motion, in eddies, and wake rivers. Gradually this macroscopic kinetic energy will 
dissipate into heat. Note also that AEI{d • M) = is the cost of transport E^^, which 
is empirically known from Fig. 5.9. 

When flying for the time Af at the velocity U a bird must apply the power 

P=AE/At = E^U. 



(6.25) 
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Hence, one can determine the drag resistance from the energy balance (6.24) or 
from the power balance (6.25). 

F^=NEId=M-E^=PIU=ribaM^'^IU . (6.26) 

One can also define a specific energy, namely the energy consumption per me- 
ter and per unit weight (mass). 

E^=F-d/Mg = P/{MgU) . (6.27) 

6.3.3 Why Big Birds Cannot Fly 

Flight requires enough speed to become airborne. The model Eq. (6.23) suggests 
the relation Uf=a^- The great flight diagram yields the allometric constant 
Uj ~ 15 to give a limit for the velocity of level flight: 



Hf>i5M'/6. (6.28) 

This speed must be generated by the body, which operates at the metabolic 
power r=ba a certain fraction t] of this metabolic power will appear as me- 
chanical power 77 At the metabolic velocity the mechanical power 

must overcome the drag force where A is 

the frontal cross section, and S the wing surface area. The lift force must offset 
the weight of the body W=Mg. Hence one has 

^mech= U^Fd= MgAC^/{S < (« b Ij) , (6.29) 

We solve this equation for in order to obtain the velocity that can be sus- 
tained by the metabolic power of a bird having wings with the lift to drag ratio 
Cj^/Cp, namely 

a^M~S where a^= {SI A){CJCjj) ■ {abrj/g) == 40. (6.30) 

This metabolic flight velocity decreases with body mass. Here we have set 
CJCjy~6, SIA-12, 77=25%, ab = 24 {b~ 6 , a~^. 6 ), and have drawn into the 
great flight diagram. Active flight is possible only for U^> U=isM^^^. For masses 
larger than about 15 kg the achievable metabolic velocity falls below the re- 
quired flight velocity U^- 15 indicating that larger animals do not have the 
muscle power, to sustain the flight velocity necessary to stay aloft. The mute swan 
with M= 15 kg is the largest flying bird listed on this diagram. The human powered 
airplane is actually not an “honest flyer” since it uses the ground effect to generate 
extra lift. It seems that nature again has reached the limit of what is physically pos- 
sible. 
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6.3.4 The Hovering Flight of Insects and Humming Birds 

Insects and very small birds are able to hover motionless in midair. Their wings, 
length L, and span width D, swirl around at frequencies somewhere in the range 
30 Hz</<500 Hz, generating a down draft of air with some mass flow rate J. 
Their wing motion maybe approximated as shown in side view in Fig. 6.21. 

The wing tip follows a figure 8 path. Part of the motion can be modeled as 
steady flight, namely when the wing tip travels from the forward position 9, in 
Fig. 6.21, to the back leaning position 11, and on the return stroke, when the wing 
tip travels from position 3 to position 5. In these quasi steady motion phases the 
lift force is given as usual by (6.17) where the surface area of each wing is pro- 
portional to DL, and 17 = u^<^Lf is the average horizontal velocity. The lift coeffi- 
cient Cj^ depends on the attitude angle a of the wing. 

A major contribution of the lift is generated in the turn around phases illus- 
trated in Fig. 6.21 by the positions 12-1-2 and 6-7-8. This lift arises from vortex 
shedding, similar to a fish generating an impulsive force when it whips its tail 
from one side to the other [see Ahlborn et al. 1997]. Without this non-steady lift 
contribution, hovering is apparently not feasible, [see for instance Dickinson 
2001] . The turn around generates a vortex pair flanking a strong temporary down- 
draft with mass flow J and the average downward velocity u^. This downdraft cre- 
ates the unsteady lift force 

FLu=J^y°^LDif\ (6.31) 




Fig. 6.21. Hovering flight, (a) Side view of wing, (b) turn-around phase 
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Hovering flight can be achieved only by animals within a certain body mass 
range. The limitations arise from several physical restrictions. 1) Vortices, which 
are needed to generate unsteady lift, are shed only in the Reynolds number range 
Re > 50. No vortices are produced below this range. 2) The metabolism of the an- 
imal must be able to generate the required mechanical power. 3) The produced lift 
force must exceed the weight. These conditions are now explained qualitatively. 
For more details see problems P6.3 and P6.4. 

The typical length dimension of vortex shedding in the turn-around phases is 
the wing span width D. The typical velocity u of this motion is the speed of the 
lower edge of the wing. It scales with frequency/ as w^Df Therefore, the mini- 
mum Reynolds number condition Re = uD/v = constD-D/>50 sets the frequen- 
cy range 

/> /qD-^ (6.32) 

where q is a constant. The lowest permitted frequency /=qD“^ is shown as the 
Reynolds number limit, line (1) in the log-log plot Fig. 6.22. The metabolic rate 
r = const of flying animals yield an upper bound of the hovering range. The 

mass scales as M= const D^. The available muscle power rj Foe must ex- 
ceed the needed mechanical power P=Fu. For a scaling estimate we set 
F=F^= const LD^f^ and u = const L/ to get D^/ 4 >p oc D^po. This 

relation can be solved for the metabolic power limit 

(6.33) 

which is schematically shown as curve (2) in Fig. 6.22. 

The lower bound of the hovering range arises from the requirement that the lift 
force must be larger than the body weight Mg <=c D^, resulting in: 

(6.34) 

The limiting mass-lift curve is labeled (3) in Fig. 6.22. These three limits en- 
close a small triangle in the/-D plane. Fig. 6.22, where hovering is possible. Only 




Fig. 6.22. Frequency / versus wing span D range of unsteady hovering flight. Curve (1) 
Reynolds number limit, (2) metabolic limit, (3) minimum lift limit 
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small animals can hover; the smaller the flyer, the larger the required wing beat 
frequency. Humming birds with M = o.oi kg occupy a corner of this hovering 
range triangle. They are the largest hovering animals. 

Hovering flight in essence involves horizontal wing motion. Larger birds can 
also “hang in the air” for a short while, beating their wings up and down. This flap- 
ping flight involves a different technique: the vertical air stream needed to gener- 
ate upward thrust is made by a vertical motion component of the wings. 



6.3.5 Flapping Flight 

Flapping flight allows birds to generate forward thrust and lift to stay aloft at hor- 
izontal speeds U that are smaller than the minimum flight speed suggested by the 
great flight diagram 17 = 15 because the relative velocity between wing and lift 
structure is increased by the flapping motion. Fig. 6.23 a. The attitude angle a of 
the wings changes smoothly throughout the stroke cycle Fig. 6.23b. Thrust gener- 
ation occurs during the downward strokes of the wings. Fig. 6.23c. Lift can be pro- 
duced in the down-stroke as well as in the up-stroke phase. 

Two distinctive gaits can be identified. At low speeds the wings can interact 
with the oncoming air to produce vortices that generate lift and propulsive force 
as they are shed from the trailing edge of each wing. In this mode vortices are pe- 
riodically generated, which look like the rungs of a ladder. Fig. 6.23d. The vortex 
“rungs” are produced with every downbeat of the wings. They generate a spike in 
the propulsion force F^, and in the lift. The vortices merge into a longitudinal vor- 
tex trail on either wing tip, which follows the flyer like two continuous bands. At 
higher speeds the interaction with the air generates a different gait. The wings 
leave the space faster than vortices can be formed locally. Then the flyer leaves be- 
hind only the two longitudinal wingtip vortices. The bird sails on the incoming air 
with angles of attack that generate lift in every wing position. 

The transition velocity 17 ^^. between these two gaits can be estimated as follows. 
In the slow gait the wings shed one vortex in each rapid motion part of the down- 
ward stroke,which typically takes V4 of the period T=i//.The drag associated with 
this vortex shedding process is experienced by the bird as lift. In order for the 
wing to interact with the vortex, the center of mass of the bird should move by less 
than the span width of the wing D. Hence, the bird’s horizontal velocity U should 
be less than DI{Tl4) = 4Df. Therefore, one can give the approximate transition ve- 
locity as 

U,,^ 4 Df. ( 6 . 35 ) 

Crows with wing spans of D = 0.15 m typically flap their wings at/= 4 Hz, when 
they take to the air. Then they get vortex shedding lift for horizontal velocities of 
less than U ^^=4 • 0.15 • 4 = 2.4 m/s. 
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Fig. 6.23. Flapping flight: (a) wingtip motion, (b) orientation of wings, (c) propulsive force 
and drag (d) Vortex pattern in slow flight, (e) wing amplitude a and deflection angle (j) 



Lift in flapping flight may be explained as a drag force produced by the down- 
wards velocity of the wings. The flapping frequency of the wings/depends on the 
desired speed 17. We model the wing tip oscillation as simple harmonic motion os- 
cillating between the maximum deflection angles and The angular veloc- 
ity on the reference circle is ft) = inf. The maximum deflection of a wing, width D, 
and length L, is a =L sin (f)^. Let be the average downwards motion of the wings, 

namely V2 of the maximum speed of the wing tip 

u^=^hO) a = nfL sin (j)^. (6.36) 

As a wing moves downward at the speed u^, it displaces air that must flow out 
in the rearward direction with a velocity u^. The thrust F ^= is generated by the 
rearward mass flow J^, which grows proportional to and the wing area DL. This 
thrust must overcome the drag force Fp= V2CpP ALP where A = C^L^ is the frontal 
cross section area of the bird, and is a constant. In steady motion both forces 
are equal F^=J^, u^=C^DLpu^ = C^DL ppU-=F^= ^hC^p C^V- L/L Various param- 
eters can be cancelled and the constants can be combined to yield a relation be- 
tween the wing beat frequency/, flight velocity U and body mass M. 

The constant Q depends on the maximum deflection angle the attitude angle 
of the wing a, the scaling factor between frontal area and length dimension, 
and the scaling between wing area DL and body mass M. 

The birds expend mechanical power first for overcoming the fluid dynamical 
resistance P^=Fj^U associated with their forward motion in x-direction and sec- 
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ond in the vertical motion of beating their wings, which must support their body 
weight Py = Mg Uy. The total power expenditure scales as 

P = P, + Py = [/' + q m"'" LU . (6.38) 

Flapping flight must be very energy consuming. Birds use it only for taking to 
the air, and for descending. Very big flying birds avoid flapping their wings. Alba- 
tross sail on the up-drifts above ocean waves, and vultures wait for thermals to de- 
velop in the morning sun to reach great heights. 



6.4 Locomotion with Arms and Legs 

Our ancestors living in the trees swinging by arm from branch to branch like pen- 
dulums, were brachiating. Monkeys have different gaits in this form of locomo- 
tion. They use internal linkages to increase the pendulum frequency when they 
want to move faster. Pendulum motion also plays an important role in terrestrial 
locomotion. Walkers swing their arms in the same rhythm as their legs. They an- 
gle the elbows to reduce the effective length of their arm pendulums (and thereby 
increase the pendulum frequency) when they start to run. 

Large animals generally move faster than small animals. This could be attrib- 
uted either to the fact that they have bigger legs, or that they have stronger mus- 
cles and therefore can swing their legs at higher angular velocities. Actually, the 
larger inertia of the legs of the bigger animals offsets much of the advantage from 
long legs. In fact small animals generate much higher angular velocities, yet have 
slower walking speeds. Running is an entirely different story, because the running 
motion always involves a vertical acceleration, caused by the impact force ly which 
is considerably larger than the weight Mg of the runner. 




Fig. 6.24. (a) Model animal with pendulum legs, (b) Bipedal walking, (c) Running 
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6.4.1 The Arms Race of Tree Dwellers 

Apes and monkeys face a different problem when swinging from tree to tree, 
Fig. 6.25. At first glance they resemble passive pendulum objects with amplitudes 
set by the distance between the pivot branch and the jump off branch [Preuschoft 
et al. 1985, 1996], and frequencies set by the length of the pendulum object. How- 
ever, similar to land animals that can walk, trot, or gallop, tree dwellers have de- 
veloped distinctive gaits [Bertram et al. 1999]. These include a slow mode called 
continuous brachiation and a faster mode called ricochetal brachiation. In the slow 
swing mode the monkey holds on to a support from the beginning of the swing 
until it grabs hold of the next branch at the end of the swing. The duration of the 
pendulum swing is TJi-i.i s. In the ricochetal mode the swinging about a sup- 
port point is followed by a free flight period that ends when the monkey grabs the 
next point of contact. The pendulum swinging part of this gait only takes about 
T^/2 ~ 0.55 s. At first thought one would assume that the swing period should be 
identical, because the monkey’s arm and body length is about the same in both 
gaits. However, on close inspection there are significant differences. 

In the continuous brachiation the whole body acts like a pendulum of a total 
length L that is a function of arm length and body length Body and arms are 
held stiff to yield a frequency that scales with Vg/L. Figure 6.25b is a simplified 
sketch of body and arm as described by Bertram et al. [2001]. The speed of con- 
tinuous brachiation is then U^= const • L •/= const V L. By inserting the scaling re- 
lation L = const • one finds the allometric propagation relation: 

17 ^,= const (6.39) 

In the ricochetal gait the body flexes about the shoulder joint. At the beginning 
of a swing the monkey quickly bends its arm relative to the body so that the shoul- 
der joint is pushed forward, while the center of mass C of the body is held back. 
The arm thereby acquires a higher rotation speed. The arm moves somewhat like 
a shortened pendulum of length it has a reduced period. Subsequently, the 
body swings around the moving shoulder joint. The shoulder joint then receives 
the relative acceleration a^, which has a normal and tangential component 
t n bottom of the swing only the normal compo- 

nent of the acceleration is present so that at this instant the vertical acceleration is 
increased to: 

«S,v=g+^s/-^a- (6.40) 

This effective vertical acceleration affects the pendulum frequency, given 
by (6.6). Since Ug ^ is larger than g, the pendulum frequency of this arm pendulum 
is higher than for an ordinary pendulum with the same arm length. The locomo- 
tion is faster. 
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(a) 



(b) 



(c) 




Fig. 6.25. (a) Articulated body of tree dweller, (b) Body held approximately stiff in contin- 
uous brachiation. (c) Body rotates about shoulder joint in ricochetal brachiation. In (b) and 
(c) body positions are shown in time intervals of At = 0.1 s 

At other instances of the arm-pendulum-swing the shoulder joint has a differ- 
ent vertical acceleration. However, is on average significantly larger than g, so 
that the frequency of the body pendulum is increased. This qualitative description 
is in good agreement with the time sequence of body positions, redrawn in 
Fig. 6.25 after Bertram. Through flexing the body at the shoulder joint and inter- 
nal rotational motion, the pivot of the body pendulum acquires an additional ver- 
tical acceleration which substantially increases the body pendulum frequency. 
The gears of the ricochetal gait involve the use of muscles that articulate the arm 
motion relative to the body. Since muscle forces are involved that maybe adjusted 
in strength, this fast gear likely enables a range of propagation speeds. Similarly, as 
for terrestrial locomotion, the gears of the faster gait of tree dwellers are muscle 
groups that give the pendulum hinge (here the shoulder joints) an additional ver- 
tical acceleration. 



Physical models of a life function often paint the biological reality with a broad 
brush to derive general features, neglecting the finer details that are important to 
the zoologist. Here we model the motion of free swinging legs of a running or 
walking animal as a pendulum process, in order to derive propagation velocities, 
scaling with body mass, and energetic parameters. A pendulum oscillates at the 
frequency/ 



where CO^ is the angular velocity, g is the gravitational acceleration, and L is the 
length of the leg. An ideal pendulum, called a mathematical pendulum, which has 
all it’s mass concentrated at the end point, features the value C = 1. The constant C 
describes the distribution of mass along the leg. If the leg can be modeled as a rod 
one finds / (3/2) = 1.22, and if it is approximated as a cone hinged at the base. 



6.4.2 Walking 




(6.41) 
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(a) (b) 




Fig. 6.26. (a) Leg motion in the laboratory reference frame, (b) Motion in the body refer- 
ence frame, (c) Leg motion and reference circle 



one finds C^ong= V (5/2) = 1.58. The leg pendulum has the maximum deflection (f)^, 
which is typically 30° for many animals including humans [see for instance Du- 
mont and Waltham 1997]. 

The stance foot stays on the ground during one half of the motion period, while 
the pendulum leg swings from ^ to Most authors focus the attention 

onto the stance leg and describe it as an inverted pendulum [see for instance Mo- 
chon, and MacMahon 1980]. The gravitational force Mg keeps the pendulum on 
the ground against the centrifugal force MIPIL. This “ballistic walking” model is 
governed by gravity, similar to the regular pendulum. The time it takes an invert- 
ed rod pendulum to fall from the vertical position to the maximum deflection an- 
gle is identical to the time it takes the free swinging pendulum to come back 
from its maximum deflection to the center position. The ballistic pendulum does 
not have an intrinsic period, because it needs the second leg to complete the cycle, 
whereas the free pendulum model has a well defined full period T=ilf. Since we 
want to study the frequency of the motion, we model the legs as free swinging 
pendulums. Then use can be made of standard pendulum theory to describe the 
processes of walking and running, and to define the transition point between both 
modes [Ahlborn and Blake 2002a]. 

Relative to the hip joint, the leg performs angular motion. We assume left- right 
symmetry. Then the angular velocity of the free swinging leg (shown on 
Fig. 6.26b at the instance when the leg swings through its vertical position) is 
equal to the angular velocity of the stance leg, Then the speed of the hip 

over the ground [7hip=if2st3j,^g=L X2is equal to the speed of the foot relative to the 
liip ^foot=^^free=^^= *^waik' Speed of the hip is the wanted quantity. 
The speed of the foot can be easily given by pendulum theory for the instant 
where the leg goes through its vertical position. 

The leg oscillates in this model relative to the hip. The amplitude A = L sin de- 

pends on the maximum stride angle Typical stride angles are ^^,=30° leading to 
A ~ 0.5 L. Provided the toes do not touch the ground, the foot oscillates in x- direc- 
tion as x=A coscot. It swings through its vertical position at the speed 
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Fig. 6.27. Power in restrained (fixed step length) and unrestrained walking [Kryzka 1999] 



*^foot= ® ^ ® ^ ^0= °-5 i C V(g/L) = 0.79V (Lg) = . (6.42) 

In general, the leg length scales as L = const • M^h, so that one finds for walking 
animals and humans the scaling relation 

^walk=«w^^'^- (6-43) 

Equation (6.42) shows that either the angular velocity ft) or the step deflection 
angle must be changed if the speed is to be altered. The speed may be easily 
raised by increasing (f)^. However, it does not bring much to increase beyond 
= 30°. In fact animals maintain at 27-30° over the range from normal walking 
to running speeds [see for instance Farley et al. 1993]. 

Beyond speeds where has reached about 30°, an increase of velocity U means 
an increase in angular velocity ft). It is very energy consuming to move the legs 
above their pendulum resonance frequency ft>^. An increase of the metabolic ener- 
gy expenditure shows up, as an increase in the oxygen uptake. Figure 5.36 displays 
data from a walker on a treadmill, moving at various speeds 17. If the treadmill 
speeds up the walker increases his stride length A using the natural angular veloc- 
ity co^= const (g/L)'^^ of the leg. However, if the walker is forced to move at a con- 
stant stride length, then a change in speed means a change of the angular velocity 
away from the natural value CO^. Indeed the oxygen consumption goes up, see 
Fig. 6.27. The lowest energy consumption is always at resonance. Therefore, run- 
ners should increase their resonance velocity co^ in order to minimize their energy 
consumption. 



6.4.3 Running 

Walking is often not fast enough. Animals run to catch a meal or to avoid becom- 
ing one. On first sight it appears that one can only increase the pendulum reso- 
nance frequency by shortening the length L, see Eq. (6.41). Unfortunately this does 
not increase the velocity 17, since a shorter leg means a shorter horizontal dis- 
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Table 6.1. Mass M, impact force leg length L, and measured speeds U reported by 
Farley et al. [1993] and derived parameters: resonance velocity Lf, vertical acceleration 
metabolic endurance running constant C^, and maximum tension leg length scaling con- 
stant Cj 



animal 


M 

[kg] 


F 

max 

[N] 


L 

[m] 


U 

exp 

[m/s] 


Ur 

[m/s] 


®vert 

[m/s^] 


Cr 


Ca 


kangaroo rat 


0.112 


6.0 


0.099 


1.80 


1.84 


53.6 


1.71 


0.205 


white rat 


0.144 


3-0 


0.065 


1.10 


0.93 


20.8 


1.05 


0.124 


wallaby 


6.86 


300 


0.330 


3.00 


3.04 


43.7 


3.14 


0.174 


dog 


23.6 


500 


0.500 


2.80 


2.60 


21.2 


3.01 


0.174 


goat 


25.1 


500 


0.480 


2.80 


2.47 


19.9 


3.02 


0.164 


red kangaroo 


46.1 


2000 


0.580 


3.80 


4.01 


43.4 


4.15 


0.162 


horse 


135 


3000 


0.750 


2.90 


3.27 


22.2 


3.27 


0.146 














average 


2.76 


0.16 














standard dev. 




+ 0.01 



placement S = 2A = 2Lsin^^. In fact the velocity U decreases when L is reduced, 
see Eq. (6.42). It was pointed out by Preuschoft [1999] that a vertical acceleration 
should increase the resonance frequency of the leg pendulums. 

When a pendulum is speeding upwards at the vertical acceleration a^, the grav- 
itational acceleration g in Eq. (6.41) must be replaced by the total vertical acceler- 
ation ^i+g of the pendulum hinge point. It is well known that a pendulum 

in an ascending elevator swings slower if the elevator is decelerating, and swings 
faster when accelerating. Animals accelerate their hip and shoulder joints in a ver- 
tical direction when they trot or run. By generating the vertical acceleration 
an animal can shift the resonance frequencies of its leg-pendulums exactly to the 
value ft) = ft)fg5= UIL sin , where the leg pendulum swings by itself exactly as fast 
as the horizontal motion requires. From first principles one can derive the relation 
for the resonance condition of a physical pendulum modeled as a cone 
(€ = ^5/2 = 1.58) in an accelerated reference frame 

CO^=iS 8 ^l{a^^JL) . (6.44) 

The velocity is given for the maximum stride angle 0^ = 30°, as U=Aco = CO^ 
L sin = 0.79 The vertical acceleration can be calculated if 

the impact force F and the mass M of the animal is measured. The resonance lo- 
comotion velocity is 



U = C sin (j)^ V (LE/M) « 0.79 V (L . 



(6.45) 
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According to this model, the vertical acceleration is matched to the horizontal 
speed. Experimental support of this prediction comes from the comparison of ve- 
locities predicted with (6.45) and experimental values, Table 6.1. 

The important results are summarized in Fig. 6.28. Over the reported mass 
range from kangaroo rats M= 0.1 kg to small horse M = 135 kg the predicted veloc- 
ities Li agree very well to the measured velocities Li^p. This leads to the conclusion 
that indeed the pendulum frequencies are tuned by vertical acceleration, as pre- 
dicted by the model Eq. (6.45). This matching of vertical acceleration and speed is 
achieved by animals with body masses ranging over three orders of magnitude. 




Fig. 6.28. Measured and predicted velocity 

The leg length L of an animal is expected to scale with the cube root of the body 
mass. One can therefore define a proportionality constant by 

L = C^M^'i. (6.46) 

This constant is calculated for the 7 animals shown in Table 6.1. The average 
value of the constant is C^= 0.16 + 0.01. Then the constant of the walking speed re- 
lation (6.43) can be further specified: 

*4alk= «w= 0-79 g) “ 1-1 • (6.47) 

For humans, the proportionality constant for the leg length is typically 
0.1. Then, by using Eq. (6.47) the walking speed scales as 1.1 

Since the model propagation velocities agree well with the experimental data, 
one can use the model and draw some further conclusions regarding the running 
velocities as a function of body mass. Vertical acceleration during the running 
process is the key to tuning the leg pendulums into resonance. In the galloping gait 
the hip attains an additional vertical acceleration due to the action of the rump 
muscles. The tuned resonance formalism suggests that galloping developed in the 
course of evolution as a means to increase the vertical acceleration, which in turn 
allowed these galloping animals to achieve higher velocities with the energy sav- 
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ing feature of leg pendulum resonance. From Eq. (6.45) one can derive the maxi- 
mum impact force E as a function of the traveling speed U, in order to assess the 
muscle mass and bone strength needed to generate it. 



F = 



r 



\ 



C-sin^J 




(6.48) 



In the running process the muscles generate the vertical force and a vertical 
velocity u , which will be of the same order of magnitude as the horizontal veloc- 
ity U at which the feet are swung. Hence we set u^=C^U. The mechanical power 
generated by the impact force F^u^=rjr=r}b has to be provided by the 
metabolic activity of the animal. By squaring Eq. (6.45) and multiplying into 
the numerator and denominator one obtains 



U^=o.79- 



Mu 



■ 0.62 



QiM°"°T7ha„M°'^ 

MC^U 



(6.49) 



On the right hand side of (6.49) the leg length L has been replaced by a body 
mass function. Running is a strenuous exercise. Therefore, the maximum tension 
scaling from Table 3.8 is used here, namely L = After contracting the expo- 
nents a relation of the form IP= const is found, which defines a constant C^. 

and the metabolic endurance running velocity U=U^^ 



(6.50) 

The metabolic running constant C^. depends on the parameters C> ^el’ 
a, and C^, which are thought not to depend on the mass. The exponent -0.02 is 
quite close to 0. Any product with a function x raised to the power 0 is independ- 
ent of X. Therefore (6.49) predicts that the top running speed is approximately in- 
dependent of the body mass M. To get an estimate of the metabolic running con- 
stant one can solve (6.49) for C^= and use the experimental data of 

body mass and (endurance) running speed from Table 6.1 to evaluate C^. The av- 
erage value is C^~ 2.8. 

In contrast, the kinematic walking speed given by (6.43), increases with 
body mass to the power 1/6. Large animals walk faster than small ones. But medi- 
um-size, and large animals seem to run quite comfortably at similar speeds. Grey- 
hounds can keep up with horses. However, at a certain body mass running be- 
comes too large an effort since the specific muscle power P/M decreases with body 
mass as P/M M~^b_ Therefore very big animals walk rather than run. They lack 
the muscle power to continuously accelerate their body vertically as required for 
tuning their legs to running speeds. Of course, this general scaling rule does not 
take into account specific running oriented body designs. More will be said about 
this topic in Sect. 6.4.5. 
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6.4.4 The Transition from Walking to Running 

In the pendulum model the walking speed is given by Eq. (6.43). The transition 
from walking to running occurs when the traveling speed U exceeds U^, so that 
the leg pendulum is forced to move above its resonance frequency cOglin. Then 
the walking/running threshold can be defined as 

[/„,,> I/„=Csin(^„V^. (6.51) 

If the stride angle is determined with an accuracy of +3° the threshold running 
velocity from Eq. (6.51) can be given with an uncertainty of +8%. The motion may 
be expressed in terms of a Froude number Fr, which compares gravitational and 
centrifugal forces 



Fr=I/^/gi. 



(6.52) 



The Froude number at the walking/running threshold can be found by entering 
I7^/r= C sin ^Q^gi into (6.52). This yields 



F>'r/w=(Csin(^J^ 



(6.53) 



Typical stride angles for fast walking fall in the range from 31° to 34°. The 
mass distribution constant C for a leg modeled as a rod is i-22 and modeled 
as a cone is 1.58. With an average value between these two limits of C = 1.4, 

and a stride angle ^^=32°, the transition Froude number is Fr^.^^® 0.5. This value 
is in fairly good agreement with the measurements by Kram et al. [1996], who 
found Frj.^^ = o.45- In contrast the inverted pendulum model predicts the transi- 
tion Froude number Fr^.^^ = 1, based on the assumption that the centrifugal force 
MU^IL is equal to the gravitational force Mg at the transition point. Equa- 
tion (6.53) can be solved for the mass distribution constant C of a leg 



C = 



sin0„ ’ 



(6.54) 



One could in principle use measured values of the run/walk transition Froude 
number Fr^.^^ , and the stride angle to determine the mass distribution constant 
C from Eq. (6.53). 
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6.4.5 WhyT-Rex Was No Endurance Runner 

The walking speed (6.43) depends on M raised to the power 0.167. Walking veloci- 
ties increases steadily with body mass. Animals with long legs walk faster than 
small ones. Big animals like giraffes, hippos, and elephants, which have body 
masses above 1 tonne, generally do not run, they amble about. The walking speed 
is shown as a line in the propagation velocity diagram. Fig. 6.29. 

One can show that endurance runners have an upper body mass limit. Here we 
are not concerned with short time sprinting activities. For short times, an organ- 
ism may go into overdrive in anaerobic motion where lactate builds up in the 
muscles. Such bursts of power, which may last typically for one minute, help to 
move the animal out of harm’s way or catch the elusive meal. 

The upper mass limit for steady runners arises from the fact that the walking 
speed increases steadily with body mass M, albeit with only a small power of M, 
while the steady running speed (6.50) is, in first approximation, independent of 
body mass. There is a terminal body mass where both speeds become equal. At 

this body mass its metabolic power does not allow the animal to run continuous- 
ly any faster than it can walk. The animal just does not have the muscle power to 
accelerate its body with every step in the vertical direction. For small animals 
running is faster than walking, but this advantage disappears at the mass where 
both velocities are equal. 




In steady running the muscles generate the vertical force F^, and produce a ver- 
tical velocity u^. The product FyU is the produced metabolic power. As shown by 
Eq. (6.50) the metabolically available endurance running velocity can be approxi- 
mated as ~ por an estimate, the empirical value C ^~3 is used 

which was previously derived from the experimental data in Table 6.1. The en- 
durance running velocity m/s is shown as a dotted line in Fig. 6.29. The in- 
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tersection of this line with the walking velocity curve defines the limiting body 
mass looo kg. An error of 20% of this constant would shift the mass limit by 
a factor 1.2®= 3. 

With this uncertainty in mind one may arbitrarily estimate an upper limit for 
long distance running at kg. Therefore animals with body masses greater 

than 1 ton are unable or unwilling to continuously generate the vertical forces 
needed to raise their leg frequencies above the pendulum walking frequencies. 

Based on this estimate T-rex, with its body mass of about 5 tons was probably 
not a long distance runner. Of course, over short periods of time, bigger animals 
could likely generate large bursts of power to speed up, but they would never run 
steadily over extended periods of time. Alexander [1991] comes to the same con- 
clusion, based on the structure of fossil bones. 

The locomotion speed for flying is also shown in Fig. 6.29, and the 

metabolic flight velocity 17 = 15 which sets an upper limit for the body mass 
of flying birds. Fig. 6.29 also includes results from energetic considerations for 
warm-blooded animals. Lower mass limits for homeotherm animals are set by the 
thermodynamic requirement to stay warm. In the range of body masses there is a 
certain window of opportunities for terrestrial locomotion and flight of warm- 
blooded organisms, which indeed many animals have found. 



6.5 From Efficient Use of Energy 
to the Smarter Use of Information 

Energy and materials make life tick. Early on animals have learned to be energy- 
wise through intimately understanding mechanics. They have optimized the ener- 
gy consumption when swimming, running, or flying. Their bodies make best use 
of available materials. They do not squander calories in cold climates nor do they 
forgo means to keep cool in hot environments. 

Much of the locomotion of large animals serves the purpose to access new food 
sources in a daily or seasonal rhythm. To make this migration energy-effective the 
animal should not use up more calories in getting there than what it will harvest 
during or following the travel. A figure of merit is the cost of transport dis- 
cussed in Sect. 5.3.2. All locomotion over extended distances uses periodic mo- 
tion, the undulation of fins or flippers, the flapping of wings, or the pendulum ac- 
tion of legs. Much energy can be saved if the kinetic energy of the rapid motion of 
mid-swing can be transformed into elastic or into gravitational potential energy. 
Such energy conversion requires careful timing, because every energy storage 
process has its own time scale, or frequency. The secret of resonance in simple 
harmonic motion is the precise matching of the elastic or pendulum frequency to 
the desired driving frequency. In locomotion, the desired traveling speed I 7 =con- 
st-/j^ sets the desired frequency /j^. Animals have mastered the art of tuning inter- 
nal frequencies to the locomotion frequencies. 

Suppose the transportation system of an animal reaches maximum efficiency, 
so that every joule of mechanical energy goes into overcoming drag and air resist- 
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ance. Is that all that the animals can do to prosper on little sustenance? It is not, be- 
cause in order to make rapid motion useful there is also a need for effective long 
distance senses, and a brain to recognize where the animal is going and respond to 
the quickly changing situations. The instruction to build bodies to perform such 
functions is stored in the genes. 

The genes contain the blueprint for each organism. This information is the con- 
dition sine qua non, life’s lifeline to its origin and its own uniqueness. However, 
other information is floating around which contains messages about opportuni- 
ties or dangers arising in the surrounding. Events of nature or actions of other be- 
ings leave trails of data that may enable the organism to better survive - if it can 
decode the messages. 

Data bits are transferred by sound, and light, and by electric or magnetic fields. 
Animals have acquired senses to read these signs, and have developed brains to 
analyze them. The meaning of these data streams must be learned. Deciphered in- 
formation saves energy in many ways. If you see where the food is, you do not have 
to waste energy in random searches. If you spot your enemy from a safe distance, 
you can move out of harms way, and do not need strong armaments. 

Evolution proceeds in revolutionary steps. In human activities we distinguish 
the “Gutenberg” revolution, where the printing press lead to an enormous dissem- 
ination of information, the industrial revolution where technical inventions made 
work and locomotion easy, and the information revolution where the internet has 
been shrinking distances and lead to knew activities. The animal kingdom expe- 
rienced three similar steps. The training of young, where individuals benefit from 
experience of their parents, mirrors the Gutenberg revolution. The adoption of 
technologies such as jet propulsion in the water, the running on land, and flying 
through the air (which provides energy efficient transport) corresponds to the in- 
dustrial revolution. Finally the information revolution was anticipated by the ani- 
mal kingdom when long distance senses, and sonar appeared, combined with in- 
telligent brains and language, so that animal group activities could evolve. We 
humans are just the leading edge of this evolution. 
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Table 6.2. Frequently used variables of Chap. 6 



variable 


name 


units 


name of unit 


a 


linear acceleration 


m/s^ 






allometric constants of swimming, 
flying, and walking 


- 




f-D’ 


drag and lift coefficient 


- 




Etr 


cost of transport 


N/kgm 




f 


frequency 


l/s 


Hertz 


Fr 


Froude number 


- 




I 


mass moment of inertia 


kg m^ 




J 


mass flow 


kg/s 




L 


length of limb 


m 


meter 


S 


wing surface area 


m^ 




T 


period 


s 


second 


u,U 


velocity 


m/s 




W 


weight 


kg 


kilogram 


X 


aspect ratio 


- 




r 


circulation 


mVs^ 




a 


angular acceleration 


radian/s^ 




CO 


angular velocity 


radian/s 






vorticity 


m^/s 





Problems and Hints for Solutions 

P 6 .I Drag of a Fish 

Determine the drag coefficient for a fish of M= 0.1 kg using the cost of transport 
data Ejj.. Determine its swimming speed from the great swim diagram, and work 
out its mechanical power consumption. 

P 6.2 How Large are Gaia's Biggest Flying Birds? 

A new small planet Gaia is discovered which has a gravitational constant is 
gc=3.o m/s^. This planet has a flora and fauna similar to earth, and an atmos- 
phere with the same composition, pressure (p = i atm), temperature, and density 
p = 1.29 kg/m^ similar as the earth. Make a log-log sketch of the “great flight dia- 
gram” that you expect to find on this planet. Also show on your sketch the meta- 
bolic flight velocity curve for this planet, and then estimate the mass M of the 
largest flying birds on this planet. 
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P 6.3 Minimum Reynolds Number of a Hovering Insect 

A certain flying insect, body mass M= 0.2 g, wing beat period T=ilf, has wings 
with an average width (span) of D= 2 mm. The wing tips follow a figure 8 motion, 
as shown in Fig. 6.21. The bug rotates the wings about the upper edge (without lat- 
eral motion) in Af = T/6 = 1/6/, as it turns the wings from the forward to the back- 
ward stroke direction. Assume a wing angle of attack a = 25° for the forward and 
backward stroke steady phases of motion, a) Express the average velocity, u^, of 
the lower edge of the wing as a function of wing span D, and frequency/, b) Cal- 
culate the wing frequency necessary to achieve vortex shedding at the edge 
(Re = 100). 

P 6.4 Vortex Shedding Lift of a Hovering Insect 

The wings of a certain hovering insect, M= 0.08 g, have a length of L= 14 mm 
length and an average width (span) of D= 2 mm. The wings turn around from the 
forward to the backward position in the time interval At=Tl 6 = il 6 f. Assume an 
angle of attack a =25°. a) Find the average vertical force of both wings associat- 
ed with the turning of the wings as function of the wing frequency. Assume that 
the force arises from the jet action of two wings F^=iju^ of the air, which is 
pushed downwards as the wings flip over, b) Determine the minimum wing beat 
frequency needed for hovering, F^= 2 J u^=Mg. 

P 6.5 Lift from Swinging Arms 

Estimate the lift force that is generated by swinging one arm from the full back po- 
sition, (where the hand is level with the shoulder) to the full forward position and 
stopping it there abruptly when the hand is level with the shoulder joint. Model 
the arm as a stiff rod of length L= 0.6 m where all the mass M= 8 kg is concen- 
trated at the distance 0.75 L from the shoulder. Estimate in a self- experiment how 
quickly you can swing your arm through V2 revolution - namely measure the time 
for 10 rotations of your arm and divide by 20. Assume that the arm is stopped 
within 10°, or 1/36 of a full rotation = 2 a As. 

P 6.6 On Walking and Leg Frequencies 

Find the leg length of a small dog, a person, a cow, and a giraffe, and determine 
their walking speed. Estimate the impact force of a runner of M=/5 kg, he is run- 
ning at a speed of 6 m/s. 

P 6.7 Why one Swings the Arms when Running 

Explain how swinging the arms during running helps to lift the center of mass. 
Find the step frequency of a runner of average height H = 175 cm, running 100 m 
in 11.5 s. Estimate his arm length and determine how much he should angle his el- 
bows to bring his arm frequency in tune with the leg frequency. 
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Hints and Sample Solutions 

S 6.3 Reynolds Number of Hoverin Insect 

a) First determine the angular velocity ft), of the wing rotation. With reference to 
Fig. 6.21 assume a turnaround time At=Tl6 = il6f. From Fig. 6.21 one has (0 = 
J?/Af [rad/s] = 6 (it -2 a)/. The speed of the lower edge of the wing relative to the 
center of rotation is u^= coD= 6fD{K-2a)=6fDfi. b) Vortex shedding occurs 
when the Reynolds number exceeds a minimum value. RCj^in" 100 < Re = u^DIv = 
6fD^fi/v. Then /> ioov/{6D^j?}. For D = 2mm, v = i.6-io“5, a= 25° = 0.82 rad, 
J? = 130° = 2.268 rad. Then find^jj^> 1.176- io“4/D^ = 29.3 Hz. 

S 6.4 Vortex Shedding Lift of Hovering Insect 

a) First find the volume swept by the wings, assuming that the insect rotates the 
wings during the time interval Af = 1/6/about the upper edge (without lateral mo- 
tion). If the wing is modeled as a rectangle the swept volume is AV=KLD^j 3 12, 
where j 3 = 130°= 2.27 rad is the angle through which the wing rotates at turn 
around. The Volume flow rate is then V’= AVI At = 3 nfL = 1.2 • io~^fnV, and the 

associated mass flowrate is J=p AV’= 1.54- io“®-/[kg], where p = 1.29 kg/m^ is the 
density of air. The expelled air must flow vertically downwards. Its average veloc- 
ity Uy can be derived from the conservation of mass, since it has to issue from an 
opening of length L = 14 mm, and width Ax = 2 D sin(/ /2) = 3.6 • 10“^ m. The volume 
flow rate can be written as AV’=LAxu^. Then the vertical velocity is u^=AV’/L 
Ax = i.2-io"®-/m3/(i.4-io“^-3.6-io“3) = 2.37-io“^-/m. Remember that/has the 
unit i/s , therefore the right hand side has the unit m/s. a) The vertical force for 
both wings is then F^= 2 Uy=i.54- io”®-/kg • 2.37 • io”^-/m = 7.3 • io“*kgm-/^. 
Note that the units of kg m -/^ is N. b) The wing beat frequency f must be so large 
that the lift force must be equal to the weight of the animal Mg=8 -io“ 5 kg- 
9.8 m/s^=8-io“‘’[N]. Hence one has 8 • lo"^- 8/7.3 • io“® leading to 

/j^jj^=i05 Hz. Actually, the lift force during the steady flight phases 2-6 and 8- 
12, Fig. 6.21, is slightly smaller than the turn-around vortex shedding lift. One can 
define an average lift force E^={i/T){F^At^+ where Af^ is the turn around 

time and A/^ the steady flying time. For instance if F^= (2/3) F^ the minimum hov- 
ering frequency is increased by the factor V(3/2) = 1.22. 
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In the beginning was the word 
Gospel of John 



Genetic Codes, and External Information 

Life needs energy, matter, and information: matter and energy to act, and informa- 
tion to direct the action. Energy and matter continuously flow through the body of 
each organism; energy flows daily via food consumption, while matter flows at a 
much slower rate. Internal information flows as the genetic message from genera- 
tion to generation, with minor evolutionary modifications. This internal informa- 
tion is expressed in the genetic code just as meaning and laws are encoded in writ- 
ten words. The genes carry meaning over countless generations of organisms just 
as the laws of Hammurabi, the wisdom of Genesis, or the gospel of St. John have 
been passed on by the words of the holy texts over the millennia. 

Internal genetic information is the conditio sine qua non, the indispensable 
starting instruction of every animal, yet it is not enough to guide an organism 
through its life. All higher animals supplement this initial endowment with exter- 
nal information that is collected by senses, processed by the brain, and often tem- 
porarily stored in memory. This external information together with the internal 
information makes an organism a true individual. The specificity of the informa- 
tion fixes an organism at a unique place on the ladder of evolution, creating the 
self since this information treasure is really owned by the individual and will dis- 
appear at its death. External information improves survival and builds personality. 

Organisms with appropriate collection equipment can obtain from the envi- 
ronment, practically free of charge, all the principal ingredients of life: matter, en- 
ergy, and external information. Matter and energy is harvested with the food. Ex- 
ternal information is collected by senses. Good food feeds the body, good 
information expands the mind, and enhances survival. External information is 
useful for many reasons: i) to distinguish food from poison, 2) to recognize oppor- 
tunities, 3) to foresee dangers, 4) to help get by with less matter and less energy, 5) 
to evolve the self, 6) to hold together family communities, 7) to advance societies, 
and 8) to develop a world consciousness. 

All higher animals actively exchange external information through language 
that may be carried by chemicals, expressed as body motions, or pronounced 
through optical, acoustical, or electrical means. Mobile and roaming animals need 
acute long distance senses. They use sight and sound. Eyes and ears are built to 
read small perturbations of radiation and sound fields. Such fields carry messages 
quickly and over long distances. 
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Chapter 7 begins with a description of the evolution of total information avail- 
able to animals and humans, Sect. 7.1. The major part of this wealth of data can be 
captured by the long distance senses. A short review of the different senses and 
signal sensitivities is given in Sect. 7.2, with particular attention given to the hu- 
man senses. Sound and light are the basis of the long distance senses. The wave 
properties of sound and light are discussed in Sect. 7.3 in order to understand how 
signals can be encoded into such wave fields, and how the signals are transmitted. 
The last area of this chapter. Sect. 7.4, describes physical effects that can alter wave 
fields. In short. Chap. 7 discusses the physical basis of the detection processes in 
ears and eyes. 



7.1 External and Internal Information 

Organisms perpetuate themselves by passing on the genetic information to their 
progenies. However, all higher animals supplement these internal instructions by 
external information. The steady increase of external data bits available to all ani- 
mals is likely one of the driving forces of evolution. Therefore, a closer look at the 
physical effects that enable the collection of external information is an appropri- 
ate endeavour. 



7.1.1 From Genes to Brain and Senses 

Information must be stored. Animals store the data in the read-only-memory 
(ROM) of their genes and the rapid-access-memory (RAM) of their central pro- 
cessing unit, the brain. The members of the animal kingdom have experienced 
phenomenal increases of processing power during the course of evolution. Intelli- 
gent animals are often small. It appears that information can be substituted for 
body size and energy, and thus the quote “Brain is better than brawn” is literally 
relevant. However, how many grams of brain could substitute a kilogram of body 
mass is still unknown. 

The first organisms stored information only in their genes. Genes are the in- 
structions, which should be immutable for eternity. But mistakes are made occa- 
sionally in copying genetic information, and inaccuracies can cause the end of life 
at an early developmental stage. However, such copying errors can also lead to the 
incorporation of new and sometimes better features into the gene script. Nature 
has turned, what appeared to be a great handicap for life's survival on earth, into 
an enormous advantage: The ROM functions of the genes possess a minute muta- 
tion and selection capability, where error is the chisel of evolution. Genes roll the 
dice but the new organisms must pass the test of physics laws. These laws ulti- 
mately determine which throw should count. 

Organisms that have senses which respond to signals from their surroundings, 
improve their survival chances. Stimuli from the surroundings may lead to a pas- 
sive pre-programmed response, to an optimized intelligent reaction by each or- 
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technical 

devices 



iiving 

individuai 



time 



ganism, or to a concerted reaction of a whole group that possesses an interactive 
language. 

The use of information in the animal world evolved in three steps. Primitive or- 
ganisms only use information stored in their genes, the passive generic data carri- 
ers. Higher life forms, which arrived later in the evolution of life on earth, carry 
brains that can evaluate the stimuli from senses and stored data. 

The brain converts data into information, from which in turn knowledge may 
be abstracted to help the organism make intelligent choices. A German proverb 
states Wissen ist Macht: knowledge is power. Initially, the brain was only needed to 
recognize food opportunities, danger, readiness of mates to produce off-springs, 
or same-species territorial claims. These indications would be advertised through 
views, smells, gestures, or noise signals. The active and intentional displays likely 
turned into chemical, visual or acoustical language, which is the third layer of 
clues that an organism may receive from its surroundings. Language facilitates so- 
cial interactions and education. It connects families and groups, so that the knowl- 
edge of the whole tribe maybe passed on from generation to generation. Filtered 
data become information. In turn, different streams of information can be sorted 
and organized by a brain to extract knowledge, namely a pattern that guides the 
organism through foreseen or unforeseen situations. Knowledge is a vision of re- 
ality, the art of seeing structures beyond the superficial facts. Layers of different 
knowledge culminate in a category called wisdom. 
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7.1.2 Organic and Technical Evolution 



Along the chain of evolution homo sapiens finally appeared. This species devel- 
oped sophisticated languages, and invented tools that became more and more ad- 
vanced thus mirroring the information evolution of the biosphere. First, the pas- 
sive data carriers were invented: scripts, and libraries. Second, computers were 
developed to process data into information. Third the world wide web was estab- 
lished, which interactively links a person with society. Figure 7.1 depicts this explo- 
sion of data as a function of time, and Table 7.1 shows how the evolution of human 
tools mirrors the organic evolution from data to intelligence. Hopefully the in- 
creased information resource will lead to superior moral behavior. 



Table 7 . 1 . Information 



level 


living organisms 


technical devices 


passive data storage 


genes 


books 


active optimized response 


brain 


computer 


interactive exchange of knowledge 


language groups 


WWW 



Human culture begins with language and collective memory of groups. How- 
ever, civilization and major religions only seems to have evolved with the advent 
of writing. Writing can replace and reinforce the human memory and can carry 
wisdom over periods where the memory of individua might fail. 



7.1.3 The Information and Material Hierarchies 

In becoming modern man, the human species has experienced an explosive 
growth of available data bits. To make sense out of this flood of impressions, the 
human brain has grouped the data bits first into information, then condensed in- 
formation streams into knowledge, and joined bodies of knowledge into wisdom. 
On rare occasions the human race has drawn great benefits from the inspiration 
of intellectual giants. Each higher level filters out unimportant details and concen- 
trates the understanding of the lower levels by abstraction. Every step is a reduc- 
tion of entropy of information, Fig. 7.2a. 

The information pyramid bears some similarity with two other pyramids on 
which life rests: the pyramid of biomass on earth, Fig. 7.2b, and the pyramid of 
matter in the universe. Fig. 7.2c. 

The sea of human culture is gradually augmented by the rivulets of wisdom 
that spring from the from the minds of intellectual giants like Moses, Plato, Bud- 
dha, Pythagoras, Shakespeare, Leonardo, Mozart, and Einstein. They add flashes of 
new intellectual awareness to the general knowledge. 

The dowry of genetic information bestows upon every organism the selfish in- 
stinct to live against all odds, to go forth and multiply. This means fight for sur- 
vival, one against the world. Me first, then my family, and let the rest of the world 
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herbivores 



earth 




stars 1 % 
hydrogen 3% 




Fig. 7.2. (a) Hierarchies of data, (b) bio-mass, and (c) matter in the universe 



look after themselves. Such instincts sanction war and destruction. Advanced lev- 
els of information add a new perspective: the common core of goodness and 
virtue in all cultures and religions is the respect for other humans and all forms of 
life. The concern for fellow man and all God's creatures is possibly not encoded in 
the genes. 



7.2 Contact and Distant Senses 

Every organism is woven into the biosphere by biology and physics. The biologi- 
cal connection arises from the food chain: every animal eats some living struc- 
ture. The concern of each animal is not to become a meal too soon. But where is 
the food? Where are one's predators? Where are the dangers? Should you stay 
where you are to eat or move and hide? 

The biological interdependence of the biosphere is complemented by a physi- 
cal connection: every organism lives in a sea of wave fields and forces, which con- 
tain some information about the immediate and distant surrounding. The infor- 
mation is mediated by sound and light waves, by electric and magnetic fields, by 
gravity, and the temperature field. Some of these fields carry information over 
large distances while others have only a short range. 



7.2.1 Signals and Sensor Sensitivities 

Animals detect nearby and far away events with different sensors. The contact 
senses of smell and taste respond to individual atoms or molecules, pressure sen- 
sors responds to physical contact, and pain can be associated with all kinds of de- 
viations from the normal state of the body. Fig. 7.3. Taste, which warns the organ- 
isms of poisonous foods, has the largest number of receptors, Table 7.2. 
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Table -j.i. Human contact senses 



sense 


pressure 


pain 


smell 


taste 


sensor location 


everywhere 


everywhere 


nose 


tongue 


signal due to 


surface force. 


deviation from 


molecules 


molecules 




deformation 


some set norm 






# of receptors 


5 • io 5 


3-10'* 


\Qp 


10® 


# of nerves 


»io 4 




2-103 


2 -103 


sensitivity 






«5ppm 





Distant senses detect the magnetic field of the earth, electrostatic aura of or- 
ganisms, and the wave fields of sound or radiation, which are caused or perturbed 
by objects in the surrounding. These field senses are optimized for the particular 
environment of every animal. From the detected quantities, organisms extract co- 
pious clues that tell about its surrounding. Organisms process these data bits not 
to overcome boredom, like a lazy TV watcher, but to improve their chance of sur- 
vival. The signals that must be decoded are often quite small. 




Fig. 7.3. Human sensors and nerve connections 



For instance, the energy and power of signals carried by light and sound is typically six 
orders of magnitude smaller than energies involved in body motion. The information 
gleaned from small signals can save the organisms much energy. Think of a monkey ob- 
serving that a distant tree has no ripe fruit. This animal does not have to travel there and 
need not climb up to find the dinner table empty The information may often be essential 
for survival: if a rabbit can see a fox from a distance, the rabbit can get quietly out of harms 
way. 

The evolution of sensors plays heavily into the predator-prey relationship: the predator 
must stack the odds in its favor by coming so close that the prey is safely within catching 
range. The prey must try to spot the danger well before the predator has penetrated into the 
danger zone. In a stable situation like that between wolf and reindeer, the race of sense de- 
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velopment and intelligence reaches a stalemate: if the wolf kills too many deer, his off- 
springs will starve to death. In addition, the wolf mainly kills the sick and old reindeer and 
thereby keeps the herd healthy. This benign balance is disturbed when animals with supe- 
rior senses and unspecialized taste invade a protected biosphere, like the dingo in Australia. 
The indigenous population often cannot evolve senses and intelligence fast enough to de- 
fend itself, and the predator just switches to other food once it has eliminated one particu- 
lar species. 

Biological detectors are very sensitive and they are economically built: sensor ranges are 
generally matched to the signal strengths that occur in the normal environmental niche of 
each animal. Humans do not hear ultra sound at 40 kHz, however, bats and some of their 
prey do perceive this high pitched sound. 



Table 7.3. Mainly human field senses 



field 


gravity 

seismic 


sound 

wave 


light 


heat, 

cold 


magnetic 


electric 


sense 


semicircu- 


ear 


eye 


skin 


magnetic 


electric 




lar canals 






pits 


cell 


cells 


signal due to 


inertia 


fluctuation 


photons 


heat 


magnetic 


electric 






of air 


E=3-io->9J 




moment 


charges 


# of receptors 




3 - io4 


2- 10® 


104-10® 






# of nerves 




2 - 1q4 


2- 10® 








bit rates 




4- io 4 b/s 


5- 10^ 








typical back 


g=9.8i m/s^ 


7 ^= 60 dB 


10 W/m^ 


10° C 






ground 






10^° photons/m^ 








typical signal 


0.01 g 


(0.1-10) 4 


io-i°W 


± 10 c° 






sensitivity 


10-4 g 


1 dB 


single photons/s 


relative 




feel = 5 V 


threshold 






io"i®w 


±io°C 




on tongue, sharks 














detect 10"^ V/m 


derived 


acceleration intensity 


image on retina. 


intensity 


direction 


direction 


information 




frequency 


location and dis- 


direction, 




Faraday effect 






time delay 


tance of object 


quality 




uxB 


perception 


up, down 


direction 


objects in 3D 


2D objects north, 


own velocity 




direction 


size, 2D 






up/down 


position & size of 




of motion 


distance 








organic matter, 














mates 


perturbed by 


too large 


noise, walls 


too much or 


too cold 




too large dis- 




signals 




too little light, 


objects 




tance, too high 






obstacles 


opaque obstacles 






conductivity 


active 














production 




bat, whale. 


fish, plankton, 












dolphin 


insects 






electric fish 
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Some of the detected quantities are perceived as absolute values. Some people 
have an absolute ear - they know when a tone is 440 Hz. A painter can distinguish 
nuances of yellow and red to estimate the wavelength of light with little error. A 
seasoned electrician can touch a live wire and know that it is only 120 V and not 
240 V, and a good seal skin sorter can distinguish the length of the hairs in a pelt 
simply by touching the pelt with his fingertips. Some detector sensitivities are tru- 
ly remarkable: a shark can detect electrical fields as small as 0.1 pV/m. That is the 
field of a 2.0 mV battery connected to two metal plates across the straight of 
Dover, with one plate mounted in France and the other in England. 

Other senses are of a more qualitative character. One can assign a qualitative 
value to hot water: one can easily say which of two pails of water is hotter. But wa- 
ter of intermediate temperature feels hot when one's hand was first placed in cold 
water and feels cold when the hand was first placed in warm water. Likewise, the 
length of time can be difficult to judge. For instance it is hard to tell when two 
hours have passed if you are sitting in a dark room. However, short time intervals 
can be estimated with an uncertainty of typically 20% in comparison to some pe- 
riodic activities, for example counting 1001, 1002, 1003 to mark off seconds. In lat- 
er chapters it will be shown that some senses have evolved to a resolutions which 
approaches the absolute limits set by physics. 

How does nature go about inventing a sensor? Is it like a technical “request for 
proposal” issued to every body cell, or is it a steady evolution of the sense from 
rudimentary beginnings of different components? Many organs, like flippers and 
wings, have been independently invented by different animals. Is that also true for 
the senses? 

The distant senses rely on data carried by sound and light waves. To under- 
stand how animals use these phenomena a few wave properties relevant to signal 
propagation are summarized first. 



7.2.2 What Is Extracted from the Background? 

Evolution has taught its creatures to read information from the tiny perturbations 
created in the wave fields by every object, dead or alive. Intuitively perceived 
physics helps animals to 1) identify an object and the object's intentions, 2) the 
distance of the object, 3) the direction in which the object is moving. 

Every organism is bathed in the fields of radiation, sound, gravity, in electrical 
fields, and magnetic fields. When these fields are constant and steady, they carry 
no message regardless of their absolute intensity. A glaring white light, or a pitch- 
dark night, the absence of sound in a sound chamber, or a constant everlasting 
noise of surf and or wind, may cause discomfort, but these noises do not carry in- 
formation. All useful data are extracted from contrasts. A picture maybe made up 
from one million colored or black and white dots, arranged to show a face or a 
landscape. Sound consists of sound bits, namely sequences of high and low inten- 
sities emitted at many different frequencies. The frequency and intensity data 
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must be sorted and analyzed for identification of the source and its location rela- 
tive to the receiver. 

The physical connection of animals to the biosphere starts with data bits, 
which are acquired by sensors. The sensors feed the data bits into nerves connect- 
ed to the brain. The nerves conduct electrical signals, using physics principles that 
are already apparent in the first single-cell organisms. The brain processes the 
data together with information from internal monitors, to come up with an opti- 
mized response at every moment during the life of an organism. 

The principal information carriers, light and sound, complement each other 
conveniently. Everything that moves makes sounds, because sound is produced by 
motion. Sound can be heard day and night. During the day and in moonlit nights, 
everything becomes visible even if it is motionless and does not produce any 
sound. A picture is worth a thousand words, but during the night all cats are gray. 

Images require parallel processing of information, whereas sound signals are 
received in sequence. Sequential processing is the first step in a cause-effect train- 
ing that leads to logical thinking. Viewing and vision on the other hand, is more 
akin to insight and inspiration. Thus, sight and sound are supporting different 
forms of higher intelligence. 



Table 7.4. Information carried in light and sound 



information 


sound 


light 


who is there? 


sound spectrum, tones, frequency/, 
characteristic intensity, 
identity of source (e.g. voice ...) 


shape (image, geometrical optics) 
characteristic movements, characteristic 
size, color, wavelength X 


message received 


sequential 


simultaneous 


how far? 


compare detected intensity with 
characteristic intensity J, 
decibel / 3 , sonar 


2-eyes triangulation: compare apparent 
size to characteristic size or intensity of 
other relevant objects, image size 


which direction? 


2-ear delay time, speed v sonar 


image within field of view 


coming or going? 


change of intensity, 
sonar (Doppler effect Af/f) 


compare size in time sequences of images 



7.3 Wave Fields 

For intelligent animals with sharp senses the distant surrounding is an immense 
target of opportunities. The wave fields of light and sound, which carry messages 
from remote objects, can be characterized by intensity, wavelength, frequency, 
and phase velocity. 

Most objects are indirectly lit by ambient radiation (just as trees are lit in broad 
daylight). Some objects are self-luminous, like glow worms, or fires. Others give 
their location away by their own noises, like mosquitoes in flight or horses clink- 
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ing their hooves. Some higher animals have learned to illuminate their targets by 
sonar beams or by bio-luminosity. 

An object can only be seen if it appears to be the origin of optical or acoustical 
radiation of some intensity 7^. The source must generate a wave field that carries a 
detectable minimum intensity Job to the location of the observer. Job is always 
much smaller than the intensity because the wave intensity is diminished by 
spherical spreading, absorption, and scattering. An observer with a sensory organ 
of the collection area A intercepts the power ^oh~ Job"^- 

Sounds are analyzed in the ears sequentially. Light waves can be analyzed si- 
multaneously as images with lens or pinhole optics, or with parallel detector ar- 
rays. 



7.3.1 Some Properties of Waves 

Waves can carry signals from a source to a receiver. To understand the flow of in- 
formation one must consider the source, the wave transfer process, and the recep- 
tion process, as indicated in Table 7.5. The source maybe self-luminous, indirectly 
illuminated, or actively scanned by a search beam. If the wavelength is small com- 
pared to the size of the sensory organ of the receiver, information can be extract- 
ed simultaneously as imaged by a multi-detector array. An example is the human 
eye with its 10* photosensitive cells in the retina of each eye. Light waves have 
wavelengths of X~ 0.5 pm, whereas eyes have entrance pupils in the range of mil- 
limeters. 

Sound is received sequentially by most animals. Sound frequencies / in the 
range 5Hz</<ioo,ooo Hz can be resolved by biological detectors. Only the very 
highest frequencies in this range lend themselves to acoustic imaging. 



Table 7.5. Parameters and physical processes in wave fields from source to receiver 



source 

intensity 


wave field 

speed c, v, frequency/ wavelength A 


receiver 

intensity 


1) self luminous 


spreading 


entrance pupil 


2) indirectly illuminated 


refraction 


simultaneous image 


by scattered wave field 


reflection 


or 


3) actively illuminated 
by search beam or sonar 


absorption 

scattering by small objects 


sequential records 



All waves have a wavelength X, a frequency/, and a phase velocity v. These 
quantities are related as 



v=fX. 



(7.1) 
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A surface wave on water, Fig. 7.4, serves as example. The height of the displace- 
ment at the maxima is called the amplitude and is a measure of the intensity of 
the wave, namely 7 = const ^^W/m^. One can assign an intensity value to every 
point in a wave field. There are transverse waves, and longitudinal waves. In trans- 
verse waves the medium oscillates at right angles to the propagation direction. Ex- 
amples include surface waves on water, and light waves. In longitudinal waves, 
such as sound waves, the medium oscillates in the direction of wave propagation. 




I 1 wave fronts 

Fig. 7.4. (a) Surface wave on water, (b) wavefronts and rays 




Waves spread into space, Fig. 7.4b. Their direction of travel can be described by rays, 
which are the wave front normals. As a wave travels away from a source its intensity is re- 
duced by two effects: (i) by the spreading of the wave fronts with distance, and (ii) by ab- 
sorption due to the intervening medium. In addition, the wave field may be diluted by dif- 
fraction, or scattering. Waves may change their propagation direction by reflection or 
refraction. Reflection and refraction are important for the design of eyes, and these effects 
can also lead to some natural channeling of wave energy. While scattering diminishes the 
intensity of a wave, the scattered light is not lost, it just travels into a different direction. It 
ceases to be a true messenger from the original source, but the scattered light may bathe 
some non-luminous objects, and make them visible to an observer. Ideal seeing requires 
plenty of light, which must be scattered off the object. Both, the amount of light which 
reaches the eye, and the receiver sensitivity determine from which distance an object can 
be seen. 

Wavelength, frequency, and intensity play a role in seeing and hearing. It will be inter- 
esting to find out how animals perceive sound in a frequency range that stretches over four 
orders of magnitude, from about 10 Hz to too kHz. Compare to that the narrow range of 
light frequencies from 4.6 • lo'^ Hz to 6.3 • io*4 Hz (corresponding wavelengths from 4.8 • 
io “7 m to 6.5 • io ”7 m) that are perceived by our eyes, which are connected to nerves that 
conduct signals only at the low bit rates of typically too bits per sec. 



7.3.2 Amplitudes, Wavelength, and How Things Move in Waves 

The displacement ^ in any wave traveling in the z-direction at the phase velocity 
v=co / /c = A/canbe described by the wave function ^ or by the sim- 

pler form 



^ = :^oSin {2% ft- ( 27 tM)z| = ^^sin {cot - kz } , 



(7-2) 
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where is the amplitude, /is the frequency; CO = inf the angular velocity, A is the 

wavelength, and k=iKlX the wave number. The oscillating quantity ^ stands for 
the pressure p in sound waves, for the electric field £ in a light wave, for the later- 
al deflection y in a water surface wave, and so on. It is useful to recall the typical 
wavelength and amplitudes of sound and light waves. Light waves that are visible 
to humans fall into the narrow range 4.8 • io“ 7 < ^-5 ' io“^m. Red light has a 

longer wavelength than blue light. Sound is an oscillation of the molecules of mat- 
ter through which the sound travels. No sound can propagate in a vacuum. Audi- 
ble sound waves have the range 2 • io“^m < sound < 20 m. A low pitched (low fre- 
quency) sound wave has a longer wavelength than a high pitched sound. 
Elephants can hear lower sounds than humans. Dogs and bats can hear much 
higher frequencies. The wavelength of light and the displacement amplitude of 
sound are both much smaller than the width of a human hair. Figure 7.5 compares 
wavlength ranges of electro magnetic radiation to the displacment amplitude of 
sound waves and to the size of objects. 

The quantity oscillating in a wave has the velocity u 

u=d^/dt = co^^cos{cot-kz} (7.3) 

and the acceleration a 



a=b^^/dt^ = -co^^^sin{cot-kz} . 

Equation (7.2) is a solution for the general wave equation 

df dz^ 



(74) 



(7.5) 



A physical quantity for which one can derive such a second order differential 
must have perturbations that travel as waves at the phase velocity v. For periodic 
waves of frequency /and wavelength A one has v = A f. Heinrich Hertz discovered 
that he could derive a wave equation starting with Maxwell's equations. Therefore, 
he predicted that there should be electromagnetic (EM) waves that travel through 
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Fig. 7.5. Wavelengths and amplitudes of light and sound 
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vacuum at the velocity v = c^= 3 • 10* m/s. And then he proceeded to generated EM 
waves. Not long thereafter Marconi transmitted signals across the Atlantic. Mod- 
ern technology would be impossible without radio, TV, radar, x-rays, and other 
special frequency ranges of the electro-magnetic spectrum. Fig. 7.5. The phase ve- 
locity for sound waves depends on the compressibility {bp /dp) of the medium 
through which the sound travels. In soft media like air, which have a high com- 
pressibility, the sound travels slowly. In less compressible media, like water, the 
sound speed is higher. 



7.3.3 The Inverse Square Law 

Intensity is one parameter that helps to estimate the distance of an object. The en- 
ergy carried by a wave through a surface area of 1.0 m^ is called the intensity/. Re- 
call from Chap. 2 that all objects of temperature T emit (electromagnetic) radia- 
tion of intensity f^= P = A^£(7ri The emissivity £ indicates how much the object's 
radiation differs from the emission of a perfect black body. (7 = 5.67 • io“* W/m^ 
is Stefan’s constant, and A^ is the surface area of the emitter. 

Intensity can be defined anywhere in space, and is the power flux (energy per 
second and m^) that passes through the unit surface area. In general the intensity 
of a wave is related to the amplitude as 7°= where the amplitude may desig- 
nate a displacement, a pressure fluctuation, a density amplitude, or the magnitude 
of an electric or a magnetic field. As already mentioned, the intensity of a wave can 
change for two reasons. First it may decrease due to the geometrical expansion in 
three dimensions (3D) as light spreads from the sun, or in two dimensions (2D), 
Fig. 7.6, as wave fronts spread on the surface of a pond when a kingfisher bird has 
splashed down for a meal. Second, the intensity is decreased due to the removal of 
energy from the wave field by scattering, and absorption. The geometrical dilution 
of the wave intensity must be quantified first. 

3D expansion of a wave field applies to a point source of power P that emits ra- 
diation in all directions. The wave fronts are spherical shells of area A = 471 r^. Con- 
servation of energy requires 

P = /j47tjf = 447tr/. (7.6) 

Equation (7.6) can be used to find the intensity at the radius if the intensi- 
ty is known at the radius r^. 

l=lp{r^/r^) (7.7) 

Relation (7.7) is called the inverse square law, and holds for any wave in 3D. A 
simple example illustrates the magnitude of the intensity drop off with distance. 

The light bulb emits the power P = 40 W of radiation energy, uniformly in all 
directions. What is the intensity I of this light at a distance of r = 3.0 m? Imagine a 
sphere of r^= 3.0 m with the surface area of A = 471 (3 m)^. Since the radiation pow- 
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Fig. 7 . 6 . Wave fronts spreading in two dimensional and threedimensions 



er is spreading uniformly in all directions, the intensity at the radius r = 3.0 m is 
I=P/A =Pl4nrf= 4oW/{47t(3m)^} = 0.35 W/mh 

If the wave spreads from a source of height Ah in a cylindrical volume of height 
Ah, the wave front surface area is A = inrAh, then P = I^2Kr^Ah = I^inr^Ah, and 
the intensity varies with distance as 



This cylindrical spreading relation (7.8) applies for instance to surface waves of 
water, to light trapped inside plate glass, or to sound trapped inside the Sofar 
channel (a layer in the ocean where the sound velocity has a minimum). The trap- 
ping effect will become clearer in Sect. 7.4 where refraction effects are discussed. 

Sound intensities are generally measured with the decibel scale, which is de- 
fined as 

P = io log dB, pronounced decibel. (7.9) 

I is the intensity and is a reference intensity which is specified from time to 
time. In acoustics one uses as reference the threshold intensity for human hearing, 
which has the incredibly small value 



An increase of intensity by a factor 10 means an increase of the sound level by 
10 dB. A thousand fold increase in intensity equals 30 dB. From the threshold of 
hearing at about idB to the threshold of pain at 120 dB the intensity varies by a fac- 
tor 10^^. Very few technical detectors have a sensitivity range of 12 orders of mag- 
nitude. A whisper may have 20 dB, a noisy classroom has typically 65 dB. The 
threshold of pain is 120 dB, and a jet at takeoff may generate noise of 150 dB. 




(7.8) 



/ref = 10“'^W/m^ 



(7.10) 
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7.3.4 Reduction of Intensity by Absorption (A » D) 

Absorption reduces the intensity of sound or light waves and transfers (part of) 
the wave energy into the medium, so that the medium will heat up. Absorption of 
light can take place on a surface, where it is characterized by the absorption coef- 
ficient a , which equals the emission coefficient £. It can also take place inside a di- 
lute body, like in air or in water, or in a milky piece of glass, where it is measured 
by the bulk absorption coefficient K. 

Consider the absorption of light. Imagine a slab of matter of thickness x that is 
placed into the path of a wave at a position where the intensity is I^= Pin 
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Fig. 7.7. (a) Attenuation of wave intensity with distance, (b) Intensity I, and decibel scales 



The material has an absorption coefficient, sometimes also called the extinc- 
tion coefficient, k. Due to the (partial) absorption the intensity drops exponential- 
ly inside the material according to 

(7.11) 

where x = r- r^. This exponential drop of intensity can be plotted as a straight line 
in an intensity I versus distance x plot, shown in Fig. 7.7. Dirty water attenuates the 



Table 7.6. Absorption coefficients )C in m ^ for light in water. Data for clean water adopted 
from Denny [1993]. Data for sea water adopted from the Flandbook of Optics [95] 



absorption coefficient K for light 


UV 


violett 


blue 


yellow 


dark red 


at the wavelength X in nm 


250 


400 


470 


550 


670 


clean water 


0.23 m“^ 


0.01 


0.005 


0.04 


0.3 


dirty (waste) water, secondary effluent 


50 










tertiary effluent 


250 










sea water 




0.018 


0.016 


0.064 


0.43 m 
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intensity much more than clean water, because is much larger than 
The total intensity AI lost from the wave and absorbed between the front surface 
where 1 = 1 ^ and a plane at the depth x = dis 

= (7.12) 

This intensity will continually heat up the slab. The inverse of the extinction co- 
efficient called the range R = i/k, is & measure for the distance over which the light 
intensity is reduced by a factor i/e = 37%. For instance a value K= 0.035 cm"^ 
= 3.5 m“^ implies a range R = 1/0.035 cm“^= 28.6 cm. The absorption coefficient 
depends on the wavelength, see Table 7.6, and Fig. 7.8. 




R=434m 



R=4340km 



Fig. 7.8. Absorption coefficient K for sound in air and sea water. Data adopted from Rossig 
[1990]. Note that an attenuation of Aji = 10 dB per too m is equivalent to K‘=2.3 • 10“^ m~' 



The absorbed intensity AI may also be expressed in sound level difference Aj 3 
using the definition of j 3 

P = io log (f/fggf) . (7-13) 

One can describe the absorbed fraction of intensity as a difference of sound 
levels at the point a and the point b 

^P=Pe,-Pb= 10 { log “ ^Og (^b^-lref)} = 1° . (7.14) 

The relation is useful because sound absorption in water is often quoted in 
decibel difference per distance AfSlAx, where Ax = lOO m, (see Fig. 7.9). This meas- 
ure of absorption can be converted into an absorption coefficient K'by the relation 



K: = (i/Ax)ln(io^^/“). 



(7.15) 



7-3 Wave Fields 



247 



The reduction of intensity by extinction is of importance for all animals living 
in the water. Light does not penetrate far into the ocean. It is utterly dark down 
there. In contrast sound penetrates easily through water. 

With this additional knowledge about the interaction of waves with matter we 
want to recalculate the intensity produced by a light bulb that is submerged under 
water, Fig. 7.9. Consider again the spherical vessel of radius r^= 3.0 m, filled with 
water and illuminated by a light bulb at the center, which radiates a power of 40 W 
at the wavelength A = 770 nm.The bulb is housed in a glass sphere of r^= 0.1 m. We 
now must take into account both, the extinction f=f^exp(— K" Ar), where 
Ar = 2.9 m, and K = 0.0238 m“', and the intensity attenuation by the inverse square 
law f = 4 'if / TI12 combined effect is I^= exp(— K Ar). First find the in- 

tensity 4 at the surface of the bulb 4= 40 Watt/4 tt • 0.1 m^ = 318 W/m^. Then apply 
the extinction formalism to find: 7^=318(0. i/3)2e“°“3*' ^'® = 3i8-o.ooii- 0.933 = 
0.330 W/m^. This intensity is smaller by the factor 29= 0.93 than for the 

sphere without water. 




Fig. 7.9. Water filled sphere, r^ = 3 m 



7.3.5 Scattering 

Scattering makes objects visible. Waves are scattered off objects, which are small 
compared to the wavelength. 

Sunlight passing through the atmosphere is scattered by the atoms and mole- 
cules, Fig. 7.10. Blue light is scattered at angles around 90°, therefore the sky above 
us looks blue. Red light passes through the atmosphere, therefore a sunset looks 
red. Leaves of trees look green, because they absorb the red light and scatter the 
green light. A rabbit looks grey-brown because it scatters that part of the daylight, 
which mixes into a brown color. But one cannot see a rabbit in a dark night be- 
cause there is not enough random light of all wavelengths that could be scattered 
off the animal to form a colored image on the retina of the eye. If one shines a red 
flashlight onto the rabbit it would appear to be red instead of brown, because the 
red flashlight does not have the blue and yellow components that would add up to 
brown. 

Similarly, sound is scattered when traveling through branches of trees or dense 
foliage in a forest. These obstacles act as scattering centers or as secondary emit- 
ters. Therefore the transmitted intensity is reduced, although the total energy car- 
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Fig. 7.10. Scattering of light 



ried by all parts of the unscattered and the scattered sections of the wave is not di- 
minished. 

Other forms of light scattering, not discussed here are 1) Compton scattering, 
for x-rays, where light is scattered off the nuclei, 2) Thomsson scattering for UV, 
where light is scattered off electrons, and 3) Mie scattering for infrared light, 
where radiation is scattered off large molecules. 

The attenuation of sound in air depends both on moisture content and temper- 
ature. For instance, just before the rain starts one can hear a train whistle over a 
long distance. 



Waves spread in all directions from their source. Waves on the ocean are a famil- 
iar picture. One can easily visualize such wave fronts, or “phase fronts”, namely the 
locations where at a given instant the displacement is a maximum. Imagine now a 
line drawn at right angle to the local direction of one of these fronts, as in Fig. 7.11. 
The line is the direction in which the wave is traveling. Such wave front normals 
are called rays. 

In optics and acoustics, the propagation of the waves can be completely de- 
scribed by considering the rays. Waves from a point source in a uniform medium 
spread out like spherical shells. The rays point in a radial direction. Critical for the 
change of direction of rays is the local phase velocity v. 



7.4 How Waves Change Their Direction 
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Fig. 7.11. Rays and phase front 
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The phase velocity v of a wave depends on the medium through which the wave 
travels. Examples are given in Table 7.7. The velocity v changes if the medium pa- 
rameters change. For instance, if air gets warm the speed of sound goes up. The 
speed of light in vacuum is Cjj= 3.0 • 10* m/s. Typically the speed of light in glass is 
Cgj = 2 • 10® m/s, and the speed of sound in air is 340 m/s. 



Table 7.7. Examples of waves, and parameters 



name 


oscillating 

quantity 


type 


phase velocity, and parameters 


sound waves, 

£?j speed of sound of medium i 


pressure 


longitudinal 


%s=(y- p/p)‘'*= ir\T/M)\ 

7= adiabatic exponent, p = density, 

Rg= 8.31 J/mol K, T temperature, 

M = molecular weight in kg, 
see also Sect. 7.4.6. a^^^{20°C) = 340 m/s. 
i3ljq^id=(B/p) \B = bulk modulus, 
7 =Young's modulus, 

“.olid =(i'/P)‘'“-«steel = 5,000 m/s, 


surface waves on deep water 




transverse 


v={gA/ 27 t)^^S A= wavelength, g=9.8im/s^ 


surface waves on shallow water 




transverse 


v = (gd)’^S d = depth of water 


waves on a string 


sections of 
the string 


transverse 


v=(t/p)\ T= tension in N, 
fi = mass/unit length in kg/m 


electromagnetic waves: 


electro- 


transverse 


c = cjn; in vacuum Cjj= 3 • lo^m/s 


y-rays, x-rays, ultra violet 


magnetic 




n = index of refraction. 


(UV), light, infrared (IR), 
heat, radar, TV, AM, FM 


field 




"water = 1 - 33 , See Sect. 7.4.4 


shock waves 


pressure 


aperiodic 


hhock= {(r+i)(pb''2Pa))‘'h 7 = adiabatic 


Mach number 


and density 




exponent = pressure behind shock, 

p^ = density ahead of shock. 



Wave propagation is characterized by the phase velocity. Often one does not 
need to know the absolute value but rather the ratio of the phase velocity divided 
by a reference velocity. For light waves one uses the index of refraction n, which is 
defined as the ratio of the speed of light in vacuum to the speed of light v in some 
medium. 

n = cjv (7.16) 

Some values of n are given in Tables 7.7 and 8.2. The speeds of light in a medi- 
um depends on the wavelength. High frequency waves may have a lower velocity 
than low frequency waves, a phenomenon that is called dispersion. Hence the in- 
dex of refraction is a function of the wavelength. For light this phenomenon gives 
rise to the color of the rainbow. 
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Light is a member of the family of electro-magnetic waves, which include y- 
rays, x-rays, infrared, heat, radar, TV, FM, and AM radio waves. The sound speed in 
a gas depends on the temperature. The sound velocity a in water depends on the 
temperature and salinity. Pulsed pressure waves of very high amplitude are called 
shock waves. Shock waves travel as at speeds v that are larger than the acoustic ve- 
locity a. For such waves one defines the Mach number M = via, which is an inverse 
refractive index for sound. 



Table 7.8. Nerve conduction velocities 



fiber type 


function 


d [pm] 


V [m/s] 


efferent 


carry signals away from brain 






Aa 


skeletal muscle 


15 


100 


Ap 


skeletal muscle & muscle spindle 


8 


50 


Ay 


muscle spindle 


5 


20 


B 


sympatic, preganglionic 


3 


7 


C 


sympatic, postganglionic (unmyelinated) 


1 


1 


afferent 


carry signals towards brain 






la 


muscle spindle 


13-20 


80-120 


Ib 


tendon organ 


13-20 


80-120 


II 


secondary muscle spindle 


6-12 


35-75 


III 


deep pressure sensors in muscles 


1-5 


5-30 


IV 


pain(unmyelinated), temperature 


0. 2-1.5 


0.5-2 



Nerve pulses travel as depolarization waves. Their speed depends on the nerve 
diameter d and on the nature of the nerve's insulation layer, see Table 7.8. The larg- 
er d, the faster is the signal velocity v. The data are plotted in Fig. y.12. The data 
suggest the empirical relation where d is given in pm. 




Fig. 7.12. Nerve signal velocity v as function of the fiber diameter d. The symbols are ex- 
plained in Table 7.8 
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7.4.2 The Phase Velocity in a Compressible Medium 



The phase velocity v of waves is in general defined through the wave equation 
(7.5), namely v is the factor in front of the differential d^^/dz^. When sound travels 
in the direction z through a gas or another compressible medium (of density p 
and pressure pj slight variations of density Ap (z, f) and pressure Ap(z, f) are in- 
duced and volume elements vibrate at time dependent quiver velocity u(z,t)- 
These variations must satisfy the equations of conservation of mass (i) and con- 
servation of momentum (ii). 



(i) 



3 Ap 




, du du 

and (11) +p^u— = 

dt dz 



dz 



A wave equation for sound waves in a compressible medium can be derived by 
combining these two equations. The velocity fluctuations u in sound waves are 
quite small quantities. Then the spatial gradient duldz can also not be very large, 
so that one can safely neglect the product p^u duldz on the left-hand side of (ii). 
The pressure gradient on the right hand side of (ii) may be expanded as dpldz= 
(dp/dp)g(dp/dz). The index S on the pressure-density differential indicates that 
one considers here the fast, adiabatic, response of the medium where there is not 
enough time to exchange any heat. This set of equations can be reduced to a sin- 
gle differential equation. For this purpose one differentiates equation (i) with re- 
spect to t and equation (ii) with respect to z. This operation leads to 



(i) 



d^Ap _ d^u 
df ^°dzdt 



and (ii) p^ 



d^u 

dtdz 



dz" 



dAp 



\ 

Js 



3"Ap 
dz" ■ 



The term p^[d^u/(df d z)] can be eliminated from both equations so that a sin- 
gle differential equation is obtained 



d"Ap 

dt" 



^ dp ^ d"Ap 
,dApJs dz" 



This is the typical form of a wave equation (7.5). The factor in front of the dif- 
ferential d^Ap/dz^ is the square of the sound velocity in a compressible medium. 



V = 



dAp 



7 s 



(7.17) 



With the help of (7.17) one can find the sound velocity for any biological mate- 
rial where the adiabat of density as function of pressure (dpIdAp)^ has been 
measured. 
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7.4.3 Refraction 

whenever a wave passes through regions where the phase velocity (or the index of 
refraction) changes, the rays change their direction by refraction, or by reflection. 
Refraction is responsible for the action of lenses. Reflection - the mirror action - 
bounces the wave back, and produces a virtual “mirror” image. 

Figure 7.13 shows these rays. It is customary to describe the direction of rays 
coming in and going out from one point with angles 0^ and 0^ measured against 
the incident normal. The angles are related by the reflection law 

0=0^ (7.18) 

and by Snell’s law of refraction 

sm0jsm0^=njn=vjv^. {7.19) 

When 0^ is known, one can calculate 0^. The smaller angle is always on the side 
where the phase velocity is smaller, or where n is larger. Reflection and refraction 
often take place at the same time, and a part of the wave is reflected while the 
transmitted wave carries less energy. Any reflection generates an image. Reflec- 
tion off a plane surface produces a virtual image, which lies behind the reflecting 
surface. 



mirror 




7.4.4 Total Internal Reflection 

Consider a light beam traveling from a medium with larger n (slow phase veloci- 
ty) towards a surface separating it from a medium with lower n (faster phase ve- 
locity). For a certain critical angle 0^^^^ measured in the slower medium the angle 
0^ in the medium with the higher phase velocity approaches 0^= 90°, hence 
sin 0^= r.oo. Then Snell's law yields sin ^^sin 0^= i/sin 0^;^= njn= vjv ^ , or 

sin ^crit= ■ 



(7.20) 
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Fig. 7.14. Details of total internal reflection 




It is impossible to pass waves from the slow medium into the fast medium with 
an incident angles 0 > Such waves are trapped inside the slow medium. The 
effect is called total internal reflection. 

Total internal reflection is perfect reflection, Fig. 7.14. Table 7.9 shows the criti- 
cal angles for total internal reflection between different media. Total internal traps 
light in light pipes, discussed in Sects. 7.4.5 and 8.5.1. Total internal reflection also 
guides sound in certain layers in the air or the ocean, see Sect. 7.4.6. 



Table 7.9. Critical angles of total internal reflection 



intertace 




0crit=sin-‘ («/«,) 


air - water 


1/1.33=0.75 


41.8° 


air - glass 


1/1.50=0.666 


0 

00 


water - eye lenses tissue 


1.33/1.413=0.930 


70° 



7.4.5 Light Pipes and Wave Guides 

If there is a channel of low phase velocity, where the index of refraction has a max- 
imum, some waves are trapped: waves that impinge from inside of the medium at 
an angle 0^^ '^crit suffer total internal reflection, an effect that is the basis of light 
pipes. Insects utilize light pipes in the individual eyelet of their facet eyes. All fiber 
optics conductors of modern high speed signal communication systems are light 
pipes. The waves are trapped even if there are no sharp steps in the index of re- 
fraction but rather a steady change, as indicated on the right of Fig. 7.15. 

The cross section area of a light pipe A = nr^ is constant. Since all waves are re- 
flected back into the core by total internal reflection, the intensity remains ap- 
proximately constant. The intensity decreases very slightly because no material is 
100% transparent. Any material absorbs or scatters some of the energy of waves 
passing through it. Only vacuum is truly transparent for light, but of course vacu- 
um does not transmit sound at all. In contrast the intensity 7 of a source of power 
P drops off in free space with the square of the distance I = P^nd^ Wind- because 
the surface area of the wave grows as A = 471 d^, see Sect. 7.3.3. 
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7.4.6 Sound PipesiThe Sofar Channel and Ground Effect 

The confinement of waves in regions of lower phase velocity can be observed in 
optics and acoustics. Total internal reflection of sound occurs in the Sofar channel 
at a depth of about looo m in the ocean, where the speed of sound has a local min- 
imum, Fig. 7.16. The sound speed varies because of changes of the local tempera- 
ture and salinity. 

The slow speed layer acts like a sound pipe in which the sound is trapped 
spreading cylindrically in a plane and not spherically like sound in free space. 
Therefore, the intensity drops only slowly with distance, so that voice communi- 
cation over large distances becomes possible. Aquatic mammals know that. 

The Sofar channel acts as a cylindrical sound channel of the height h. The sur- 
face area of this channel grows with distance as A = 27 t d h. Therefore, the intensity 
of a sound signal P emitted in the Sofar channel drops off linearly with distance d, 
whereas in free space the sound intensity drops of with the square of the distance. 

I=PI(2Khd). (7.21) 
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Fig. 7.16. (a) Variation of sound velocity in the ocean with depth, (b) Variation of tempera- 
ture in the ocean with depth at latitudes of about 45° 
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Fig. 7 . 17 . Ground effect, (a) Thermocline of atmospheric inversion, (b) Sound wave trajec- 
tories 

A similar sound trapping effect can happen in the air since the speed of sound 
in air and hence its index of refraction for sound waves, defined by (7.19), is a 
function of the temperature T, namely ^liyRT/m). 

Under certain atmospheric conditions, when colder air is trapped close to the 
ground, the sound speed is lower close to the ground than higher up. Fig. 7.17. The 
sound will be trapped in the low speed layer, similarly as in the Sofar channel in 
the ocean. This phenomenon is called the ground effect. Such temperature inver- 
sions can occur on the grasslands of Africa. When this happens animals can com- 
municate by sound over much larger distances than under normal circumstances. 

7.4.7 The Lateral Spread of Wave Fronts 

when waves propagate near obstacles that inhibit their lateral spreading, two dif- 
ferent phenomena may occur: shadows and diffraction. These phenomena can be 
understood applying Huygens principle: a wave front at location II, in Fig. 7.18a, 
can be understood as the superposition of elementary wave fronts (called Huy- 
gens wavelets) that have emerged from the preceding location I. Four cases must 
be distinguished. 

a) The wave front width d is large compared to the wavelength X (Fig. 7.18a). In 
this case a shadow with a narrow penumbra (half-shadow regime) is created. 

b) The slit width d is larger than the wavelength X, but not by more than about 
an order of magnitude. A diffraction pattern is generated with a center maximum 
of width A and several much smaller maxima on either side. Fig. 7.18b. 

The first order diffraction minimum is found at the half angle 0^^^ given by 

(7-22) 

For a circular aperture (like the iris of an eye) of radius r= d/2 the center spot has 
a half angle given by 




(7-23) 
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Fig. 7.18. (a) Shadow A. Incident wave front (|), common tangent of Huygens wavelets 
(||). (b) Diffraction pattern, intensity /(y) for d~ 2. . (c) Narrow slit diffraction d < A. The in- 
tensity I{0) is represented by the length of the radius vector r in the 0 direction, (d) Spread- 
ing in all directions d «A 



Instead of forming infinitely sharp images, all lenses generate pictures com- 
posed of diffraction spots, no matter how fine and sharp the object points appear 
to be. Diffraction limits the resolution of every eye. 

c) When d is of the order of the wavelength A and the slit is gradually reduced, 
the diffraction pattern spreads out and the center order maximum starts to fill the 
space to the right of the slit. For dlX= 0.5 the spreading angle 0 ^^^ ^ equals 30°. One 
may display the intensity distribution as an r-0 contour line. Fig. 7.18c, where the 
magnitude of the intensity is represented by the length of the radius vector r in the 
0 direction. 

d) When d is very small compared to the wavelength, the slit acts like a point 
source. Fig. y.iSd. Waves are spread into the full hemisphere to the right of the slit. 

Diffraction is known from laboratory experiments in optics, where light hits 
small objects or slits. However, one can also readily experience diffraction of 
sound waves in a simple experiment. Close your left ear with the right hand and 
rub thumb and index finger of the left hand close to the left ear. You will hear 
nothing. However, when you stretch out your left arm and rub the fingers again, 
still having the left ear closed, you hear the high pitched sound of rubbing in your 
right ear. The sound source is now far enough from the impeding object, so that 
the sound waves diffract around your head and reach the right ear. Typically the 
high pitched sound has frequencies of a few kHz, say/= 3 400 Hz = 3 400 s“l Then 
the wavelength A= 340 ms“V3400 s“^= 0.1 m is of the order of magnitude of your 
head diameter, and diffraction becomes noticeable. 

There are some other physical effects that change the intensity distribution in 
waves, namely interference and superposition. These phenomena will be dis- 
cussed in later sections as they become important for the perception of sound and 
light. 
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7.5 Information Background 

The biosphere is imbedded into various fields. The earth's gravitational field “ties” 
every object to the ground. The magnetic field of the earth gives some directional 
guidance to pigeons, and bacteria. These fields do not contribute to the exchange 
of information. 

The vast sea of information is enabled by the radiation fields of the sun which 
makes objects visible for organisms with eyes. Only at night do the other spurious 
light sources like moon, stars, and lightning make any impression on the observ- 
er, and only deep at the bottom of the oceans or in very dark nights do biolumi- 
nescent organisms play any role in the flow of visual information. Most of this op- 
tical information is passive, revealing both moving things and motionless objects. 

Another gold mine of information is the sound field. Acoustic waves emanate 
from moving structures: blowing wind, rushing water, dripping rain, and roaring 
thunder. Nearly every moving organism of the biosphere and every moving part 
of a living body radiates its acoustic signature into the surrounding. Vast floods of 
acoustical data float around, ready to be picked up by sensitive ears. 

The third background field harboring information is the electrostatic field. Its 
sources are of organic nature. Every living cell generates a tiny electrostatic field. 
In environments, where light and sound fail, the ambient electric fields is the last 
resort for obtaining information about the surrounding. The information flux en- 
abled by light, sound, and electrostatics will be discussed in the next chapters. 

Light and sound signals travel as waves. Waves can transmit data by two prin- 
cipal techniques: first by a change of the intensity, 7= 7(f) that may happen gradu- 
ally as the sun sets, or abruptly as in a Morse code. Secondly, information may be 
encoded with a variation in the frequency as in a whistle tone. Light waves trans- 
mit many different image points simultaneously at an enormous speed. Eyes are 
indispensable for observing rapid motion. Sound can transmit many frequencies 
simultaneously, but with very poor imaging qualities. Ears of higher animals ana- 
lyze the frequency spectrum of the sound field. Voices and ears are indispensable 
to facilitate language, education, and culture. We will first discuss the physics of 
light and the biology of light receptors as light plays an important role for animals 
in every phylum and at every level of evolution. 



Table 7.10. Frequently used variables of Chap. 7 



variable 


name 


units 


name of unit 




speed of light 


m/s 




/ 


frequency 




Hertz 


I 


intensity 


W/m2 




k 


wave number 


m-i 




n 


index of refraction 






V 


phase velocity 


m/s 




p 


sound level in decibel 






K 


absorption coefficient 


m-i 




A 


wavelength 


m 






wave amplitude 
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Problems and Hints for Solutions 



P7.1 Darkness at the Bottom of the Sea 

Calculate the intensity fraction lU^ of blue ligth {X= 470 nm, 0.016 m“^) and 
dark red light {X = 670 nm, = 0.43 m“'), penetrating down to d = 400 m in clean 
sea water. 

P7.2 Long Distance Talk of Whales 

a) Determine the critical angle of total internal reflection for sound waves in the 
Sofar channel. What is the beam angle id that an animal should emit in order to 
match the Sofar channel sound wave guide? b) Suppose a whale in the Sofar chan- 
nel talks to a friend d=iooo km away. The animal emits a sound signal (of 
P= 1.2 W, at the frequency /= 10 Hz) into the conical beam of half angle d calcu- 
lated above. What is the intensity of this sound wave at a distance d = 2000 km? 
Express your result as sound level j 3 in dB using I^^f= 10“^^ W/m^. Assume a height 
of the Sofar channel of h = 800 m. Consider both, the spreading of the wave with 
distance and the reduction due to absorption, c) How long does it take for the 
message to travel the distance? 



P7.3 Resolution of Sonar Images 

Assuming that objects with lateral dimensions of iX can be seen, calculate the 
minimum frequency of sound which aquatic animals must use in its sonar beam 
to resolve individual kelp (sea weed) leaves of d = 15 cm width. 

P 7.4 Features of Optical and Acoustical Information 

Ask one person to leave the room for a minute, show Fig. 7.20 to the class for about 
3 seconds and ask the class what they have seen. 

The question how many apples were there is likely not answered immediately; how- 
ever, if you ask how many rows (4), and how many columns (5) there were, most like- 
ly someone from the audience will recognize that two apples were missing from the 
maximum of 20, and one of the apples did not have any leaves. 

Before the outsider returns arrange for 3 members of the audience, which are 
known to the student outside, to ask a simple question. Then let the outsider re- 
turn with eyes still covered. Now the questioners ask their questions one at the 
time. Let the test person show the direction from where the question came, and 
who asked the question. Note how accurately distance and direction can be esti- 



h 




Fig. 7.19. Sofar channel 




Problems and Hints for Solutions 
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mated, and that the test person easily knows who asked. Sound gives various clues 
about locations and identity of the source. Then ask the audience to tell the test 
person the content of the picture previously shown to the class. Note how much 
time it takes to convey all the details of the picture. This illustrates the proverb: a 
picture is worth one thousand words. 
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Fig. 7. 20. Apples and a banana arranged in a grid 



P 7.5 Survival Without Senses 

Compare the survival chances of one higher animal that has eyes and ears to the 
survival strategy of a primitive animal, which lacks these senses (e.g. shark and 
shellfish). 



Hints and Solutions 

S 7.1 Darkness at the Bottom of the Sea 

Intensity( 7 / 7 ^)yjjg=e”'*^^=e“°'°^®' 4 °° = exp{-o.oi6 -400} = 1.66 • lO"^. Similarly find 
(f/ 7 ^)red= e“°' 43 ' 2.0 • lo"^^. There is no red light at this depth. 

S 7.2 Long Distance Talk of Whales 

a) From Fig. 7.17 extract the maximum and minimum sound velocities 
1518 m/s, and %i„= 1506 m/s. Therefore, sin 1506/1518 = 0.9920, and 0^^“ 
82.8°. d = 90 - 82.8 = 7.2°. Opening angle 28 = 14.4°. 

b) Solution strategy: first find the distance from whereon the sound will be 
trapped inside the Sofar channel, then determine the intensity (without ab- 
sorption). For r<r^ the sound spreads out as a 3D wave. Then findf(r) as 2D wave. 
Now include absorption. Convert I{r) into j 3 (r). Assume that the whale is located 
at the center of the Sofar channel. 

A ray that is just barely confined leaves the source at the angle 8 and strikes the 
top of the Sofar channel at the distance r^, thus tan 8 = {hh)/r^ and r^= hl{i tun 8 )= 
800/(2 -tan 7.2°) = 3.16 • lo^m. Intensity at without absorption I^= i.2W/(47t r^^)= 
9.57- io“®W/m^. Cylindrical expansion of wave from to r without absorption 
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/(ti) = 7 ^- (?^/r) = (r^/r) • P/(47U^^) = P/(47U^r) = 1.51 • 10“^^ W/m^. Now include ab- 
sorption: The absorption coefficient can be read from Fig. 7.9. Note that the figure 
has two scales. An absorption of 1 dB/100 m is equivalent to K=2.yio~^m~\ Sound 
of ^10 Hz has an absorption coefficient x:=4.6-io“*m“h Convert I{d) to the in- 
tensity with absorption I by calculating the exponential drop of intensity, 
Eq. (7.ii),between the source and 1.51 • io“^^W/m^- exp{-4.6- 

io“® • 2 • 10®} = 1.38 • 10“^^ Wlml Absorption does not do much! The sound level in 
decibel at r= 2000 km is: {5 = 10 logjj,{f(d^j,j,)/io“^^} = 10 logj^^ji.sS • io"^Vio"^^} = 
11.39 dB. c) Af = Ax/v = 2-io®m/i5o6 m-s"^= 1328 s = 22.1 min. 

S 7.3 Resolution of Sonar Images 

Assume v = 1520 m/s, d = 2^ = 0.15 m, A= 0.075 m, /= v/A = i520 ms“Vo.075 m = 
20.3 kHz. 
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A picture is worth looo words, 
but the beauty is only in the eye of the beholder. 



Light Makes Good Images 

All animals respond to the opportunities and dangers in their environment. They 
can react only if they are aware what is out there. Vision gives such information 
during broad daylight. Vision is the stealthy long distance sense of the aggressor, 
and the defensive sense of the hunted. 

The wave phenomena of light - refraction, reflection, and diffraction - explain 
how images are generated in the eyes of animals, and how much detail the images 
contain. Wave models also help to understand how different eyes work. Interfer- 
ence and absorption of light waves clarify how body colors come about. However, 
the images have to be recognized by sensor elements. Light has a double nature. It 
can be described either as a wave phenomenon, or as a flood of photons. Each 
photon carries a tiny trace of energy E = h v that causes the molecular changes in 
the photo-sensitive elements of the eyes. The incredible abundance of these minute 
energy missiles, as they are scattered off every object, makes vision possible. 

Chapter 8 begins in Sect. 8.1 with a few facts of light that help to understand the 
image acquisition and the sensitivity range of eyes by investigating photons, and 
the intensity-wavelength distribution of sunlight. Section 8.2 describes imaging 
principles, lens relations, how imaging can separate objects from the background, 
image quality, and problems with seeing under water. Section 8.3 is a thumbnail 
sketch of the human eye. Section 8.4 describes several specialized optical receivers 
of animals: the “heat” eyes of snakes, spider eyes, fish eyes, and trilobite eyes. In- 
sects have gone yet another route to acquire visual information: facet eyes, de- 
scribed in Sect. 8.5. For some animals in the oceans visibility is wanted or undesir- 
able. They employ interference and polarization of light, discussed in Sect. 8.6. 



8.1 Facts of Light 

Most life depends on the sun for energy. The sun’s energy arrives on earth as elec- 
tromagnetic radiation in a wavelength range from x-rays with wavelengths A of a 
few nanometers (nm) to radio waves with wavelength in kilometers. Most of the 
energy comes as light in a very narrow wavelength range, from violet light (with a 
wavelength A = 0.4 pm = 4- io“^ m, and frequency^ V = c/A = 4- lo^^ Hz) to dark red 
^ In optics the Greek letter v is commonly utilized to designate radiation frequencies. The 
letter f is reserved to denote the focal length of a lens. 
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Fig. 8.1. The early worm is eaten by the bird 



ligth (with a wavelength X = 0.7 fim, and frequency V = 7.5 • Hz ). Since light fa- 

cilitates seeing the surrounding, organs to detect the light have been invented 
many times during the evolution of life on earth. 

The sun’s radiation renders objects visible, because during daytime sun light is 
abundant and everywhere. Sunlight is scattered, and it illuminates every spot. 
Scattering is a process where light is reflected randomly off surfaces. Every spot on 
a surface that scatters light looks as if it was emitting light. This scattered light car- 
ries information about the scattering object itself. Organisms must have eyes to 
detect and neurons to analyze this information. Optical information can be 
recorded simultaneously by an imaging system combined with a high-resolution 
detector. Then the information must be decoded by the brain, because the beauty 
is actually in the brain of the beholder. 



8.1.1 Photons and Waves 

To understand the superb imaging properties of light one must be aware that light 
has a double nature. It can be depicted as tiny waves of electro-magnetic radiation 
with wavelength X wiggling through vacuum or through transparent media. Al- 
ternately light can be described as a shower of tiny energy bullets, photons, rush- 
ing at the speed of light, c^= 3-10* m/s, away from the source. 

Before discussing details it is useful to get an intuitive feeling for the double na- 
ture of light. Huygens imagined light as tiny wave surfaces traveling in the direc- 
tion of the surface normals, which are called rays. A few of such wavelets are 
drawn in Fig. 8.2. Each has a three dimensional structure like the canopy of an 
umbrella, and the shaft is pointing in the direction of the ray. To emphasize the 
wave nature, little umbrellas with multiple canopies simulating two wave crests 
are drawn for the light wavelets, and the letter X is attached. 

Everything that happens to light between a source and a receptor can be under- 
stood by depicting light as a wave structure. However, during the birth of the radi- 
ation at the source, and during the death at the receptor, light must be treated, as 
if the wave surfaces were folded up into a bundle of energy, like a pocket umbrel- 
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Fig. 8.2. Huygens’ pocket umbrellas are either open or closed, wavelets, or photons 



la. These structures are called photons. Each photon carries the energy Ep=hv, 
where h = 6.6 • io“^'* J • s is Planck’s constant. Physicists describe the transition from 
wavelet to photon as the collapse of the wave function. The Huygens pocket um- 
brella is a simple model for the dual nature of light: either folded up as photons, or 
spread out as umbrella canopy wavelets. Light is never both at the same time, the 
umbrella is either open, or closed. 



8.1.2 Why Lightwaves Can Produce Sharp Images 

The superb imaging qualities of light depend on a number of fortunate circum- 
stances: 1) During the daylight hours there is plenty of sun light - measured as in- 
tensity I, with the units W/m^, or counted as number of photons hitting an object 
every second. 2) Most objects of interest to animals, and the eyes themselves are 
large compared to the wavelength of light X. The size difference guarantees good 
image resolution as the images in most cases are large compared to the diffraction 
spots (described in Fig. 8.18) that are created by the entrance pupils of the eyes. 
3) Light is scattered and refracted. It spreads out in all directions from each scat- 
ter point, ready to be seen by capable eyes. 4) The speed of light depends on the 
wavelength and on the material. Differences of the speed of light in materials 
cause refraction. Lenses, and light pipes guide light due to the physical effect of re- 
fraction. 

In addition to these convenient physical properties light also gives the hunter 
two important physiological advantages: (i) The speed of light is so high that im- 
ages are received instantaneously, compared to all sensual reaction, (ii) The object 
is unaware that it is seen by some one else, because the observer utilizes the light 
that is scattered anyway. Vision is limited only when the background light level is 
low: at night in terrestrial landscapes, and during the day deep down in the ocean. 
However, vision is useless in opaque media such as murky waters. 
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8.1.3 Intensity, Wavelength, and Photon Numbers 



Every object of temperature T measured in Kelvin degrees, emits “thermal” radia- 
tion, described by the Kir chhoff- Planck formula (8.i), which gives the intensity 
as function of wavelength X, temperature T, and the natural constants, namely the 
speed of light in vacuum c^j= 3 • to® m/s, Planck’s constant h = 6.6 • and 

Boltzmann’s constant kg = 1.38 • io“^^ }/K: 



hdX = 



8nhc 



dX 



(8.1) 



The total radiative emission is found by integration over all wavelengths. This 
integration yields Stefan’s law, Eq. (2.21), I=jldX = (jT\ which was already dis- 
cussed in Chap. 2. Even an object as cold as ice {T-ij} K) produces a radiation 
spectrum. 

The surface of the sun with a temperature of ~ 5800 K emits radiation, with 
a wavelength spectrum where most energy is contained in the range 0.3 pm = 
X = io pm. The radiation detectors of all animals operate in this wavelength range. 
Human eyes are sensitive in the very narrow range 0.4 pm <X< 0.7 pm, called vis- 
ible where the sunlight has its highest intensity.^ 




Fig. 8.3. Black body radiation 






By the use of (8.1) the spectra of bodies of arbitrary temperatures can be pre- 
dicted. For instance, the sun with a surface temperature in the photosphere of 
T ~ 5800 K produces the spectrum sketched in Fig. 8.3. 

As the radiation spreads out from the sun the intensity falls of with the square 
of the distance. At the radial distance f^earth” ^ 5 ° ‘ earth the intensity 

has dropped off to the value known as the solar constant 5 = 1.37- 10^ W/m^. The 
peak intensity of the Kirchhoff-Planck spectrum occurs at the wavelength X^^, 
which can be determined with Wien’s displacement law 



= 2.88 mm • K . 



(8.2) 



The shortest and the longest wavelength of visible light differ by less than a factor 2; in 
contrast the ears of animals are sensitive from about /== 10 Hz to lO^ Hz. This is a range 
of 4 orders of magnitude. 
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For the sun, with a surface temperature of about 5500 K, the maximum intensi- 
ty is found at the wavelength 2.8 mm K/5500 K = 0.5 pm. The nose of a rab- 

bit at a temperature of T= 20° C = 273 K -I- 20 K = 293 K will generate a thermal ra- 
diation spectrum with the peak intensity at the wavelength mm/T= 

2.8 mm • K/293 =9.55 • io" 5 mm = 9.55 pm. This infrared radiation cannot be seen 
by humans. However, snakes detect infrared with their heat eyes. They can per- 
ceive prey, like worms, mice, or rabbits underground, and at night. 

Light travels in energy packages, called photons. Each carries the energy 



Ep=hv = hc^M, 



(8.3) 



where h = 6.6 • is Planck’s constant, c^=3 • 10®, is the speed of light in vacu- 

um, V is the frequency of the vibration, and X = cjv is the wavelength. The energy 
of a typical photon of yellow light {X= 0.580 pm) is minute, and is often measured 
in the small unit eV called electron volt, 1 eV = 1.6 • lo”^®}. The energy of the yellow 
photon is Ep=hCjjM=6.6-io“^4js.3.io*ms“V5.8-io”7m = 3.4-io"^5} = 2.ieV. Since 
this energy is so tiny the number of photons in the sunlight is enormous. If all the 
sunlight was concentrated into the yellow section of the spectrum the photon flux, 
namely the number of photons per second and per square meter, would be 



<l>o = 



hv 



1.37 - 10^ Js ^m ^ 
3.4 • 10“^® J/phot 



= 4.03 • 10“ phot/s • m^. 



(8.4) 



The small energy of one individual photon is just enough to cause some elec- 
tronic excitation in exotic molecules, such as the rhodopsin molecules in the reti- 
na of eyes. However, in order to create a nerve pulse some charges have to be set 
into motion. The light sensors must therefore somehow amplify this excitation 
signal, and convert it into an electrical signal. Here atomic physics comes into play. 
Our eyes, when adapted to complete darkness can detect individual photons, how- 
ever sharp images are made from millions of photons, and therefore we cannot 
perceive images in darkness. 



8.1 .4 Biological Effects of Different Wavelengths 

Light affects living tissue in various ways, depending on the wavelength or photon 
energy E = hc/A respectively. Ultraviolet light can break up and damage organic 
tissue, by ionizing atoms or molecules, and thereby turning neutral atoms or mol- 
ecules into charge carriers, which upset the metabolism of cells. Visible light can 
excite the electrons in the atomic shells of atoms and molecules, leading to the 
very controlled release of electrons in the rodopsin molecules of a retina of an eye, 
which in turn stimulates a nerve and causes visual perception. Infrared photons 
may induce molecular vibrations, but they generally cannot excite atomic transi- 
tions, and are instead experienced as heat. 
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Table 8.1. Wavelength and photon energies 



color 


ultra violet 


blue 


red 


near infrared 


far infrared 


wavelength A 


-400 nm 


=460 nm 


==650 nm 


~i jim 


~io |im 


photon energy 


>3 eV 


2.7 eV 


1.9 eV 


1 eV 


0.1 eV 



8.1.5 How Many Photons Make an Image? 

Suppose we watch a seagull flapping her wings in broad daylight at a distance 
R = 1.2 km. The gull is exposed to the full daylight, which contains a photon flux of 
about ^q= 4 • 10^^ photons/s as calculated in (8.4). Consider a section of wing of 
the gull =0.01 m^, which reflects light towards our eyes. The wing intersects the 
photon flux at the rate 0 ^ , which is found from 

0^=A^(j)^=o.oi m^-4- io^^photons/m^s = 4-io^9 photons/s. (8.5) 

Suppose the wing absorbs a =90% of the incoming radiation, then it will scat- 
ter into all directions only 10% of the incoming photon flux, namely 0^=0^a = 
4 • 10^* photons/s. The wing acfs as a secondary radiation source, which can be ob- 
served by a spectator. The flux density of light scattered off the wing into a hemi- 
sphere is 0J{2 kR^) at the distance R.A spectator at the distance k = 1,200 m 
is exposed to the scattered photon flux intensity =4 • 10^® photons • s"V 
(47ti200^m^) = 4.4 • 10^^ photons/s • m^. 

Now consider the spectator. Suppose the pupils of the observer’s eyes in the 
bright sunlight are contracted to an opening of d= 1.5 mm diameter. The pupillary 
contraction leaves an aperture with the area A^y^=7t(o.75 mm)^=i.76 • io“®m^. 
Each eye will collect photons -s“l 

The photon flux from the bird’s wing will be focused by the lens of the specta- 
tor’s eye onto the retina, where light sensitive rods and cones are located. The im- 
age of the seagull is produced by these photons. The spectator sees the gull, be- 
cause the photons of the scattered light carried the message, revealing the presence 
of the gull. Images are perceived as fleeting glances, in the “blink of an eye’l which 




Fig. 8.4. Scattered intensity 
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lasts of the order of 0.1 s. One tenth of a second allows about AT® 5 • lo'* photons to 
enter the eye and catch a glimpse of the bird, still plenty to see the object. The scat- 
tered daylight thus reveals the gull. Such image generation works during the day 
but not in a dark night, and not at the bottom of the ocean, since light is absorbed 
by the water. 

This example illustrates how many photons are scattered by a single object at a 
large distance. When one thinks of the many objects that are close by as well as far 
away in a typical environment, one must surely wonder why the eyes are not 
swamped with photons, and why the brain is not completely overloaded by signals 
coming simultaneously from every point in the environment. 

One knows that the ears are unable to separate many simultaneous messages. 
Think just how much you understand when you walk into a room where an ani- 
mated party of thirty excited people talk to each other about their different vaca- 
tion experiences. Eyes do better than the ears. With a few glances around you can 
see who is there, who wears what dress, and who talks to whom. 

The enormous flood of optical data can be made useful, because eyes generate 
sharp images and the eyes of all higher animals have millions of photo detectors, 
which operate in parallel. One can focus onto any part of the scenery. Objects out 
of focus generate just a blur that adds to a background noise. To understand how 
image selection through focusing works, one must be somewhat familiar with the 
laws of refraction and reflection, and how refraction at curved surfaces (lenses) 
helps to produce sharp images. 



8.2 Imaging Principles 

Eyes serve the purpose of collecting optical information from an enormous flood 
of scattered light coming from every point in the environment of an individual. 
This task is not trivial. As calculated in Sect. 8.1.5 a small surface section like the 
wing of a gull may receive about 10^® photons. Although only a tiny fraction may 
be scattered into the direction of the observer’s eye, the reflected light might still 
contain millions of photons. However, every other object scatters light also. The 
total amount of photons that hit the eyes is a very large number. The eyes must 
cope with this torrent of data. Eyes can discriminate the light from different ob- 
jects by focusing. Focusing involves directing wave fronts toward sharp focus 
points, by the processes of refraction and reflection. During evolution the infor- 
mation gathering ability of eyes increased in four stages. 

The first stage. Fig. 8.5 a, has the on-off response of a single photo-receptor car- 
ried by single cell animals with a light sensitive spot. The second stage. Fig. 8.5b, 
achieved by snails, and mollusks, features parallel processing with many light sen- 
sitive receptors that give the animal a first rudimentary field of view. In the third 
stage. Fig. 8.5c, animals like nautilus acquire pinhole camera eyes which project a 
scenery onto a multi receptor image plane. Parallel procession of signals allows 
updating image information continuously. Pinhole eyes require bright daylight. 
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snaU, (c) pinhole eye, (d) vertebrate eye 



since the small aperture, which is needed to obtain sharp projections automatical- 
ly, limits the image intensity. Pinhole eyes do not yet have depth perception. 

In the fourth stage. Fig. 8.3 d, lens eyes are invented. They possess a vastly im- 
proved resolution compared to pinholes. Lens eyes produce sharp images with 
depth perception where image points stand out distinctly against background ra- 
diation. Vertebrates and octopus have reached this stage. The size of the photore- 
ceptor elements in lens eyes is carefully matched to the theoretical diffraction lim- 
it of image resolution that comes from the wave nature of light. 

Some other animals solve the problem of parallel processing of image points in 
a wide field of view by a radically different approach: multiple light collecting de- 
vices. Examples are the eight eyes of spiders, the several hundred ommatidia of 
the now extinct trilobites, and the numerous light pipe channels of flies, and oth- 
er insects. 



8.2.1 Primitive Radiation Detectors 

The most basic radiation detector is illustrated in Fig. 8.5 a, and belongs to the sin- 
gle-celled euglena’s photo-sensitive spot located at the root of the muscle that 
drives the cilia. Radiation is illustrated in this figure by rays drawn as arrows. The 
associated wave fronts are not shown. In broad daylight the pigment spot casts a 
shadow. If the muscle works more when in shadow, the organism will predomi- 
nantly travel in a certain direction relative to the light. There is no data acquisi- 
tion, just an on / off response. Also any light will do, there is no discrimination of 
sources. 

The next step in evolution is to start distinguishing different objects, and rela- 
tive locations in a field of view. The pit snail receptor, illustrated in Fig. 8.5b, has 
its eye depression filled with light sensitive cells that can record different light sig- 
nals simultaneously. Bright objects nearby and close to the symmetry axis send 
radiation to all areas of the pit. Objects off to one side from the symmetry axis, 
points (1), (3), will stimulate detector cells on the opposite side. Objects at large 
distances will mainly irradiate the center of the detector area. The pit eye of the pit 
snail is a vast improvement over the on-off photo cell of euglena, yet this eye is not 
capable of imaging the surrounding. 
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8.2.2 Pinhole Cameras 

The pinhole eyes of nautilus, Fig. 8.5c, are the first true imaging devices^. The im- 
aging principle is illustrated by Fig. 8.6. Each point of the object A, say a point p at 
the foot of the arrow, located at the distance 0^, generates an image spot in the im- 
age plane at the back of the pinhole camera. Each image spot is made by a very 
small section of the wave front centered at the object point p, which passed 
through the pinhole opening. If the diameter of the pinhole is d and the image dis- 
tance is i, the spot size A can be found from similar triangles, namely 

A = d^^—^~d ,for op»i. (8.6) 

The intensity of the light I contributing to each image spot depends on the surface 
area section of the waves passing through the pinhole. The pinhole area is n (dhy. 




Fig. 8.6. Pinhole camera with pinhole, diameter d, uncertainty of image points A. Two sim- 
ilar objects, A and B, at different distances generate the same image 



Pinhole cameras generate true images of bright objects. However, in order to 
produce sharp images, the pinhole diameter d must be as small as possible. A 
small pinhole aperture, however, cuts down on the light intensity of the image. 
Hence dimly lit objects will be difficult to see with pinhole eyes. Pinhole cameras 
paint a flat image of the entire scenery. The image provides no information about 
the object distance. The two similar objects, A and B, located at different object 
distances, 0^ and o^, generate identical images. The image spot A contains informa- 
tion from the foot points of the different objects A and B. This overlap and image 
confusion is unavoidable in pinhole eyes. 

The number N of resolvable image points of a pinhole camera is easy to calcu- 
late. Let d be the diameter of the pinhole, and A the area of the largest image that 
can be detected. Then for an object at a large distance the image height A of the 



3 A pinhole camera can be easily made from a shoe-box: cut an opening into a side panel 
and cover it up with translucent paper, then punch a hole with a thick needle into the op- 
posite side. When pointing the pinhole side towards a bright scenery an inverted image 
appears on the translucent screen. 
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object point p is approximately equal to the diameter d of the aperture, and the 
image point area is a^ = A^~ d^. With the knowledge of the image area Aj the num- 
ber ATp of distinguishable image points can be found. 



A typical value of the image size could be A = 100 mm^. With a pinhole of 
d^=i mm^ the pinhole eye would resolve N^= too image points. The number of 
image points can be increased by more than six orders of magnitude, when the eye 
employs a lens instead of a pinhole. How this increase of the image resolution 
comes about will be described in the following section. 

8.2.3 Imaging by Lenses 

The general construction of vertebrate eyes resembles the design of a camera. 
Each eye has a lens and a light sensitive retina at the back. The lens collimates the 
light waves into sharp image points. We first look at a camera type model eye with 
an empty space between the lens and retina, and later investigate how the gelatin 
body in the image space affects vision. 

Table 8.2. Refractive index n of various materials, d is a small number that depends on tbe 
density of air 

material vacuum air water eye body eye lens crown glass silicate flint glass guanine 

n 1.000 i + d 1.33 1.336 1.43 1.45-1.55 1.6-1.7 1.8 



The collecting power of a lens is based on refraction. Refraction arises due to 
differences in the speed at which light waves propagate. The phase velocity of light 
is Cq= 3 • io*m/s in vacuum, and has smaller values in transparent media. Instead 
of dealing with large numbers, one references the phase velocity in materials to 
the speed of light in vacuum c^ by defining the index of refraction n= cjc^, which 
was already described in (7.15). Different values of n are shown in Table 8.2. Many 

rtrt.rviol (Si\ /. i 



N^=Ala.=Ald^ 



(8.7) 




Fig. 8.7. Refraction: (a) on glass block, and (b) on lens 
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transparent solids have n ~ 1.5, however some fish have small crystals of nitroge- 
nous compounds of guanine in their scales (C^H^N^O), which has n = 1.8, [see Den- 
ton 1971]. Generally the refractive index decreases with wavelength. 

The frequency of light is fixed by the emitting source. The speed of light c^^ de- 
termines the wave length 






fi 

V 



c 



o 






( 8 . 8 ) 



If the index of refraction varies in a medium, the wavelength of the light trav- 
eling through the medium must vary as well. The multiple canopies of the Huy- 
gens elementary wave umbrellas change their separation X as they travel through 
different materials. 

Consider a simple situation where a plane light wave in air hits a dense medi- 
um with refractive index n^=cjc^>n^, Fig. 8.7a. Then The distances s^ and 

s^ may represent the wavelength in air, and dense medium respectively. Since > s^ 
the wave fronts in the dense medium are turned towards the incident normal. 
Light is refracted as it enters the dense medium. The incident angle 0 ^ and the pen- 
etration angle 0 ^ are related by Snell’s law. 

^ = ^ = (8.9) 

sin 02 C2 

The rays are illustrated in Fig. 8.7a. When light hits a dense medium head on 
the incident angle is 0 = 0. Then by Eq. (8.9) the penetration angle 0 ^ is also 0: the 
light waves continue straight on. For any other incident angle the light does not 
travel straight on, but is bent at the surface separating the two media, the larger 
the incident angle 0 ^ the larger 0 ^. This is the optical secret of a lens. A lens can be 
modeled as a dense medium with sections that present surfaces with ever increas- 
ing incident angles farther away from the optical axis. As a consequence, rays di- 
verging from the object point in Fig. 8.7b are made to converge in an image point 
behind the lens, and then the rays diverge as they travel on. The focusing of rays in 
a single point and their subsequent divergence are essential for successful image 
analysis. 



8.2.4 Eyes in Air and Under Water 

Seeing is based on the formation of an image inside the eye of the spectator. The 
truth (the image) is in the eye of the beholder. But where exactly is the image? 

Imaging with thin lenses in air, n^^^~ 1, is easy to explain. However, most eyes are 
not built like cameras, where the lens is surrounded by air both at the front and the 
back. Instead the medium between the lens and the image plane in vertebrate eyes 
is filled with a transparent aqueous gel (called vitreous humor), which has an in- 
dex of refraction n^, different from 1. As we will see below, the gel reduces the re- 
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Fig. 8.8. Construction of image with magnifying lens, for different index of refraction in 
the object and the image space 



fractory power of the lens. The sight of marine animals is further impeded by the 
fact that even the front sides of the lenses are exposed to water with the index of 
refraction n^= i- 33 - Any diver knows that seeing under water without gog- 

gles is difficult, because the eyes have less focusing power. 

If one wants to know where the image is located one must determine how each 
surface bends the rays, see Fig. 8.8. Refraction is related to the speed of light in 
various media. Since the refractive index ^ function of the wave- 

length, the following analysis applies to monochromatic light only. 

All lenses have an axis of symmetry, called the optical axis. A positive lens fo- 
cuses a parallel beam, where adjacent rays are parallel to the optical axis, and 
where the wave fronts are flat, into the focal point F. The focal point is located on 
the optical axis in the focal plane of the image space. Fig. 8.8. The distance be- 
tween the lens and the focal point is called the focal length/. A similar focal point 
exists in the object space. A negative lens diverges parallel rays, so that they ap- 
pear to be coming from F^. The position of an image point can be geometrically 
constructed by using three rules, (i) A ray from an object point, which travels par- 
allel to the optical axis (called paraxial ray), is refracted by the lens so that it pass- 
es through the focal point F. (ii) A ray from an object point that intersects a thin 
lens on the optical axis, called a center ray, continues straight on without being re- 
fracted. (iii) The image point is located where the paraxial ray crosses its path with 
the center ray. 

The lens separates the image from the object space. The curvature of the lens 
surfaces determines where the image will be located. A magnifying lens as shown 
in Fig. 8.8 generates a real image in the image space. De-magnifying lenses gener- 
ate virtual images, which are located in the object space. 

The surface of the lens in Fig. 8.8 looks convex as seen from the object. The cen- 
ter of radius of curvature of the first surface is located to the right of the lens and 
the radius is counted positive'*. The center of the radius of curvature of the sec- 
ond surface is to the left of the lens. Therefore, is counted negative. 



4 If the surface looks concave from the object space its center of curvature lies to the left of 
the lens therefore is negative. The surface de-magnifies. 
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Assume the lens has the index of refraction n^, and the index of refraction in 
the object and image space have the values and Uj respectively. Then image dis- 
tance i, and object distance 0, are related as 



0 i f 



(8.10) 



where 



l_ Wg-Wo Ug-Uj 

7 h 



(8.11) 



The radius is counted negative if the center of curvature is to the left of the sur- 
face: in Fig. 8.8 the radius is counted positive, and r^, is negative. For thin lenses 
in air n^= n^=i these two relations reduce to 

111 . ,,11, 

- + T = - ,or z = i/(--7) (8.12) 

0 I f ft 



and 

7 =(«g-i) (8.13) 

/ s r, r. 



There are two methods to produce a sharp image from an object that is located 
at some distance 0. 

(i) Use the lens of a given focal length/and place the image plane at the appro- 
priate image distance i, which can be determined with the help of (8.10). This 
method is used in most cameras and in the eyes of spiders. Focusing here means 
to move the lens thereby changing the distance i until the image is in focus. 

(ii) Fix the image distance i, and select a lens of exactly the correct focal length 
/to satisfy Eq. (8.11). Vertebrate eyes focus by this principle. In order to focus onto 
objects at different object distances, for instance o^, and 0^, a lens with variable fo- 
cal length, a zoom lens, is required. Equation (8.11) shows that the focal length,/, 
depends on the radii and r^, and on the differences in the refractive index n - 
and Uj- Ug. Small radii and large diffraction index differences give the lens a Siort 
focal length, and a large refractive power 1//. A short focal length allows the eye- 
ball to be small. 

The lens of the human eye is made from an elastic material that changes shape 
when pulled in radial direction. When looking at nearby objects, the ring muscle 
around the lens contracts, the lens shrinks, the radii and get smaller so that the 
focal length is also reduced. When looking at distant objects the ring muscle relax- 
es. The lens flattens, so that its focal length increases. 

Human eyes have a body with refractive index close to that of water: Uj= 1.336, 
and an elastic lenses with [e.g. see Strong 1958]. For eyes of aquatic ani- 
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mals one must set n^= 1.33. Since n^varies with wavelength a single surface cannot 
focus rays from different wavelength into a single point. Therefore large aperture 
lenses are composed out of different lens elements, a lesson that was apparently 
not lost on trilobites who had 2-lens element eyes, see Sect. 8.4.5. 

A lens with r^~ -r^=r th&t images an object in air (n^=i) into an image space 
filled with water (nj = i.33) has the focal length/=r/{(ng-n^) + {n - nj)} = r/{(i.5- 
1) -I- (1.5-1.33)} = 1.49 r. To obtain this result the second term of (8.11) has been 
written as -(n-n-)lr = {n -n )l-r = {n -n-)lr, so that the numerators of both 

gl2 gl 2 gl 

terms in (8.11) Become r. If this lens is imaging an object in water, the focal length 
nearly doubles, namely/=r/{(i.5-i.33) -I- (1.5-1.33)} = 2.947. Therefore, the ring 
muscle of the human eye may not be able to deform the radius of the lens suffi- 
ciently to see sharp images under water. The refractive power of a lens is much 
lower under water. For that reason fish eyes have the smallest radius possible; 
r = d/2. More details of fish eyes are given in Sect. 8.4.3. 



8.2.5 The F-Number 



Lenses collect light and they produce images. The speed of a lens, namely the flux 
of luminous energy from an object point source passing through the lens, is deter- 
mined by the aperture angle S of the collected cone of light. This angle can be de- 
scribed by the relative aperture, the ratio of the entrance pupil, d to the focal 
length/, see Fig. 8.9. The inverse of this ratio is called the F-number 

F#=fld = ilS . (8.14) 



A good camera lens may have F#= 2.8. F-numbers like 2.8, 4, 5.6, 8, 11, . . . are of- 
ten engraved onto camera bodies. The larger S (or the smaller the F-number) the 
more light is concentrated in to image points. 

The highest light collecting power is associated with the largest aperture angle 
S=dlf, or the smallest F-number. In order to understand how animals can optimize 
the light collection in their eyes, Eqs. (8.14), and (8.11) are combined 



S = ^ = d. 









(8.15) 



The material constants, namely the index of refraction in the image and the ob- 
ject space Uj and n^, and the index of the lens material, n^, are fixed. This leaves the 
radii of the lens surface r^, and as the free parameters for optimizing S. The 
largest speed is obtained for the smallest possible radii of curvature. The smallest 
values are r^=|r^| = d/2,where the lens is formed into a sphere. 

Table 8.3. F# of cameras, and aperture angle S 



F# 

S 



2.8 

0.35 



5.6 

0.18 



8 

0.125 



16 

0.025 
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Fig. 8.9. Focal length illustration for lenses with different radii of curvature 

■Smax =^((«g-«o) + («g-«i)) = 2(2ng-(ni+»o)) 

Unfortunately, a homogeneous spherical lens does not produce sharp images, 
because rays located farther away from the optical axis do not converge at the 
same distance as rays that travel close to the axis. However, nature has found an in- 
genious way to focus light with spherical lenses, in which the index of refraction 
changes gradually. These are the graded index lenses of fish eyes, discussed in 
Sect. 8.4.3. 

8.2.6 The Diffraction Limit: 

How Sharp Are the Images of Lens Eyes? 

Geometrical optics can be used to calculate where an image will be formed on the 
retina. When imaging two points with different object distances, geometrical op- 
tics helps to find how far their images will be separated.Geometrical optics how- 
ever cannot predict the size of the smallest image point that is produced on the 
retina. Diffraction sets a limit to the minimum size of images that can be created. 
Due to the wave nature of light the iris will always generate a small light spot of a 
finite diameter A, namely the diffraction pattern of the aperture d of the iris, 
which was derived in Sect. 7.4.7. Diffraction renders a point image into a diffrac- 
tion ring pattern, shown in the insert of Fig. 8.ro. The half width A/2 of the center 
spot of the pattern subtends the angle which was given in (7.2r), namely 
sin angle 0 ^^^ can also be shown in the image space of the lens, 

namely tan0j^jj^=(A/2)/i. Since this angle is quite small, one has sin 
tan 0 „iin'= 0 niin> hence 0 ^^^~Xld~A.lii. Further, most objects of interest are locat- 
ed at distances 0 that are large compared to the focal length, so that i ~f. There- 
fore, every infinitely sharp object point generates an image of the finite width 

A = 2iXld~ ifXld . (S.ry) 

The rods and cones in a human eye have a diameter of about Ar = 2.5 pm. This 
diameter is matched to the diffraction spot A of the eye with aperture d ~8 mm, 
and image distance i ~ 20 mm for the wavelength A = 5 • ro'^m. The spot size in- 
creases when the iris contracts. In broad daylight the iris diameter may shrink to 
d = i mm, in which case the angular resolution of the eye becomes sin0j^-j^= 
5 • ro“ 7 /io "3 = 5 • io“ 4 , or 0 , = 0.028°. 
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Fig. 8.10. Diagram illustrating the generation of a diffraction pattern 

Birds of prey have evolved eyes with an even higher angular resolution in order 
to spot their meals from great heights. For instance, eagles have larger pupils than 
humans but smaller eyeballs, and therefore have a diffraction spot diameter of 
about 1 pm. The eagle’s cones and rods are also about i pm in diameter. Again 
these eyes are perfectly matched to the diffraction limit. The diffraction spot is a 
figure of merit for the resolution of the eye. The speed S or the F-number respec- 
tively, characterizes the light gathering power. Both together determine the image 
resolution. 



8.2.7 Image Resolution of Lens Eyes 



All images are made up from N discrete image points. The more discrete points an 
image contains, the finer the details are that can be distinguished. In a pinhole eye. 
Fig. 8.11 a, the diameter of the image points A^~d is approximately equal to the di- 
ameter d of the pinhole. Each image point has the area A^~A^. If A is the area of 
the retina of the pinhole eye, then the number of distinguishable image points is 
found from (8.7), namely Alp = A/dh The lens eye, Fig. 8.11b has a vastly larger im- 
age resolution, because the diameter of each image pixel is equal to the width 
Adjff = 2/A/d of the diffraction spot, given in (8.17), which depends on the wave- 
length. Short wavelengths yield small image points. 

Assume again that the image plane area of the retina is A. Then the number of 
image points for the lens eye 



A-d^ _i ^ ^ ^ 
4-r-A" ~4 d^ f V 



(8.18) 





Fig. 8.11. (a) Pin hole eye resolution, (b) Resolution of lens eye 
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The first factor, AI(P on the right hand side of (8.18) is the resolution of a pin- 
hole eye, known from (8.7). The second term, S^= {dIfY, characterizes the light 
gathering power of the lens: large apertures are good for high resolution. The last 
factor of (8.17) is the diffraction limited resolution contribution, (diXY. 

Typically a human eye operates with an aperture d~ 4 mm. For yellow light 
with A = 0.58 pm the diffraction factor of the image resolution is {dlXY=4-^ • 10^, 
which represents an enormous increase in resolution compared to the pinhole eye. 



8.2.8 Why Imaging Cuts Down on Background Noise 

The image construction Fig. 8.12 shows another very important advantage of fo- 
cusing. Two similar objects, namely the foot points 1 and 2 of the objects A and B, 
which are located at different distances, generate images Y ^nd at different im- 
age distances. The pinhole camera. Fig. 8.6, places these images right on top of 
each other. 




Fig. 8.12. Image construction and light intensity I as function ofy in image plane 



With the lens eye the images of similar points A and B can be clearly distin- 
guished. A detector, located in the image plane ip, sees the image of A as a sharp 
point, whereas the image of point B is smeared out over a wider area. The image 
intensity I of the points 1 and 2, is plotted as function of lateral distance y on the 
right side of in Fig. 8.12. The signal due to stands out as a delta function against 
the smeared out background of the image fg. Our eyes detect intensity differences. 
This reinforces the ability to distinguish small localized intensity variations 
against large background intensity, and to recognize dim objects against a bright 
background. Think for instance of the image of a small bird flying across the 
bright sky. 

Image production with lenses helps animals to focus onto objects of interest 
without being confused by all the light coming from the same directions, but from 
other distances. Animals therefore can see important dim objects even if the opti- 
cal background noise is large in terms of photon numbers. 
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8.3 The Human Eye 



The human visual system is a marvel of engineering design and optimization. It 
consists of the eyes, two miniature digital cameras with about to* individual pho- 
to-receptors each. Each camera has a zoom lens, and a variable E-stop (iris), and 
an external shutter (eyelid) that opens and closes rapidly, and continuously wash- 
es the lens. The size of the photoreceptor is carefully matched to the size of the dif- 
fraction spot created by the iris, in order to obtain optimal image resolution. The 
eyes are mounted on mobile platforms, which direct the center of most distinct vi- 
sion continuously over the field of view, to give the impression of a sharp full 
panorama of about 40° although the region of sharp vision only covers about 2°. 
Furthermore, the parallax between the views of both eyes provides clues about the 
depth of field and the distance of objects in the surrounding. 



8.3.1 Geometry and Physiology 

The lens of the human eye is quite thick in the middle. Dimensions of the eye are 
given in Fig. 8.13. In cameras, the object is focused onto the film plane by moving 
the lens. In contrast, the human eye has a fixed distance between eye lens and reti- 
na. The eye is focused by adjusting the focal length of the eye lens by changing the 
radii of curvature of the lens [e.g. see Koretz and Handelman 1988]. The human 
eye has a zoom lens. 

Zoom focussing in the human eye is done with the ciliary muscle, which encir- 
cle the lens and are connected to it by spoke-like (zonule) fibers. The fibers are 
normally under tension to flatten the lens, and are off loaded when the ciliary 
muscle contracts. For sharp vision at close range the muscle contracts decreasing 
the radius of the muscle rim and allowing the lens to contract into a more convex 
shape. When the ciliary muscle relaxes it becomes longer, increasing the radius 
and pulling the spokes at the rim of the lens to make it flatter. 

How much must the lens radius change in order to accommodate the eye from 
infinity to the distance of most distinct vision 0 = 25 cm? Actually the optical sys- 
tem of the eye consists of all the curved surfaces between the object and the im- 
age. A significant part of the refractive power comes from the curved cornea of the 
eye. To demonstrate the principle of focusing we consider a simplified eye, con- 
sisting of a lens (n = 1.43), an aqueous body (n;=i.33), and the retina, located at 
i = 20 mm, on which a sharp image is to be produced. 

The object space has the refractive index n^= 1. (The relevant equations are giv- 
en in previous sections.) First determine the focal length when focusing at an 
object located at o=°°. From (8.10) one finds for distances measured in mm 
njoo + n^l20 = ilf^^. This leads to 20/1.33 = 15 mm. Now one uses (8.11) to find 

the radius of curvature assuming a symmetric lens with \=-r^=r. The relevant 
equation is i/i5 = i/^^=(i.43-i)/r-l- (i.33-i.43)/(-r) = (o.43-l- o.i)/r, so that r=i5- 
0.53 = 7.95 mm. What is the new radius when the eye focuses onto an object at 
0 = 250 mm? Now one has nji^o + n^l20 = ilf^^ leading to 0.0705. This is en- 
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Fig. 8.13. Dimensions of a human eye (Gullstrand’s eye), redrawn after Strong [1958]. Cross 
section of fovea, rods and cones sketched after Miller [2000] 

tered into (8.11) to get i/^^=0.0705 = (i.43-i)/rj+ (1.33-1. 43)/(-rj), leading to 
7^ = 0.53/0.0705 = 7.520101. The radius of curvature is changed by Ar=y.gs~ 
7.52=0.43 mm. This represents a relative change of Ar/r= 0.43/7.7 = 5%. One only 
has to flex the ring muscle by a small amount in order to accomplish this change 
of focus. 



8.3.2 Receptors of the Eye, Sensitivities, and Field of View 

The retina of the human eye is covered by color sensitive cones and black and 
white sensitive rods. The rods are much more sensitive than the cones. The differ- 
ence is typically a factor of 100. The light actually has to pass through layers of tis- 
sue before it can reach the cones and rods. Their peak sensitivity is in the blue 
green range of the spectrum. The highest density of rods is in the fovea region, 
namely about 400 • 400 = 160,000 per mm^. Cones are tuned to three principal col- 
ors, red, green, and blue, thus providing color vision. There are only about 6 • 10® 
cones, but 1.2 • 10® rods. The signals from these light sensors are carried by only 10® 
optical nerves. Hence there must be some preprocessing inside the eye by which 
the signals from about 100 sensors are carried by a single nerve. 

The area of most distinct vision has a diameter of about 1.5 mm. It contains yel- 
low pigment and is therefore called the yellow spot. At its center is the fovea cen- 
tralis. The fovea diameter together with the focal length of the eye of about 20 mm 
yields the field angle 0 of most distinct vision: tan = 1.5 mm/20 mm = 0.07 radian. 
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Fig. 8.14. (a) Spectral sensitivities of rods, and cones, (b) Rods and cones 



corresponding to an angle of 4.5°. The perceived field of view is much larger (typ- 
ically 45°) since the eyeball constantly sweeps the field of view and one also expe- 
riences the sensory input from the receptors outside the fovea. 

The fields of view of different animals are matched to their lifestyles. Grazing 
animals like rabbits have close to 360° coverage whereas hunters like eagles or fox- 
es have a narrow forward looking field of view. The eyes catch a glimpse of the sur- 
rounding within about 0.1 second. If an object moves very quickly across the field 
of view it becomes a blur. Blurred vision would also result if the head moved 
quickly across a scenery. This could be a problem for foraging animals like rabbits 
and pigeons who’s fields of vision are pointing towards the sides. If the animal 
walks quickly forward the scenery moves rapidly across the field of view, obfus- 
cating the vision. To combat this motion-blur, pigeons rhythmically move their 
head back and forth with every step. If the head moves back as quickly as the 
whole body travels forwards, the eyes actually stand still and get a sharp snapshot 
of the surrounding for one half of the motion cycle. 

The sensitivity of the eye receptors covers an enormous dynamic range. With a 
strongly absorbing filter that cuts down the intensity by about a factor lo^ one can 
look straight into the sun, which has an intensity of about 0^ = 4 • 10^' photons/m^ s, 
as derived in Eq. (8.4). The filter therefore transmits 10^' = 4- lo'^pho- 

tons/m^s. The aperture of the iris when looking into bright light is typically 
A = i mm^=io“®m^. Therefore the eye can handle the photon flux ^=^ 0 fiiter= 
io“®m^4-io'7photons/m^s = 4-io^^photons/s. In very dim light the eye can per- 
ceive individual photons. Therefore, the range of sensitivities spans about 11 or- 
ders of magnitude. 

The receptors of the eyes and the connected data analyzing system of nerves 
and brain are sensitive to changes of intensity only. This specific sensitivity is es- 
sential for an organism that must notice sudden changes in its surrounding 
caused by the appearance of enemies or opportunities. Such a visual system is use- 
less for assessing a stationary scenery, which emits a steady stream of photons. 
However, we do see stationary scenes quite well by employing minute subcon- 
scious oscillatory scanning motions of the eyeballs. If these motions are arrested 
by a chemical agent, the vision blurs, and the scenery disappears. These minute os- 
cillations are superimposed onto the voluntary or subconscious major motions of 
the eyes associated with scanning the field of view. 



8.3.3 Resolution of the Human Eye 
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If the rods and cones have a diameter d which is smaller than or equal to the di- 
ameter of the center diffraction spot A, the sensors match the optical resolution of 
the eye. The human eye is built to match its diffraction limit. At 400 rods per mm 
on the retina, each rod has about ~ 2.5 • io“® m, and the image distance of 
the eye is i~20 mm. The angular half width 0 ^^^ of a rod is found from 
sin 0 j.gj= A/2i= dj.^j/2i= 2.5 • io“® m/4 • 10"^ m = 6.25 • io“®. This angle is identical 
to the diffraction limit of the eye, as determined from the maximum pupilla di- 
ameter d = 8mm and the average wavelength of light A=5-io“7m, namely 
sin 0 min= 5 • io“ 7 m /8 • io“^m = 6.25 • io“®. (If was smaller than X/d the 

rods would be smaller than the smallest light spot on the retina.) In fact the de- 
tector size is perfectly matched to the best possible optical resolution. Nature 
knew its wave optics quite well when she designed the eye. 

From the resolution angle sin 0j^jj^=6.25-io”® one can calculate the smallest 
object height H that can be resolved by the eye: > 0 ^,;^. For instance, at 

the distance of most distinct vision 0 ~ 0.25 m one has H ■ ~o • 0 ■ = 250 mm • 
6.25 • 10"® = 1.5 • 10”^ mm. This height is about V2 the width of a human hair, a reso- 
lution that is quite adequate to see the objects of interest to hunting, and gather- 
ing humans. 



8.3.4 Aging of Eye Components 

As people get older the near point of distinct vision moves away from the eye. To 
focus an eye onto a nearby object the ciliary muscle must be relaxed, and the lens 
has to shrivel into a thicker ball, so that the radii of curvature get smaller and the 
focal length gets shorter. Old eyes lose their elasticity, and thus the eye cannot fo- 
cus on nearby objects any more. Glasses with positive magnification are then 
needed to help to restore vision, as for many people at age 55 the arm seems to be 
too short to enable reading without glasses. Also the pupil loses its ability to dilate. 
Old people have small pupils, and appear to have a piercing gaze, but they cannot 
help it. These are the optical signs of old age. 

For distant objects the magnification of the human eye is often still too small. 
Than one might want to use a telescope. 



Table 8.4. Eye dimensions as function of age 



age [years] 1 


20 


50 


80 


near point [cm] ==5 


15 


30 


200 


maximum iris diameter [mm] 10 


6 


3 


1 
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Zugereist in diese Gegend 
Noch viel mehr ah sehr vermogend 
In derHand das Perspektiv 
Kam ein Mister namens Pief. 
“Warum soil ich nicht beim Gehen” 
Sprach er “in die Feme sehen? 
Schon ist es ach anderswo, 
Und hier bin ich sowieso.” 
Hierbei aber stolpert er 
in den Teich und sieht nichts mehr. 

Wilhem Busch 1884 



Traveling through this neck of woods 
Pull of money and of goods 
Carrying the telescope 
Was a gentleman called Joop. 

“While I’m walking I can see” 

Says he “distant scenery. 

This delights me I must say 
Since I’m here anyway.” 

Saying this he trips and falls 
In the pond... his vision dulls. 

(translated by the author) 




Fig. 8.15. The absent minded professor [Wilhem Busch 1884] 



8.4 Animal Eyes 

The vertebrate eye is an example of the evolution of an organ which has, in many 
respects, reached the limits set by physical principles. The human eye’s sensitivity 
spans an enormous range, from detecting individual photons to recognizing ob- 
jects in the presence of photon fluxes of about 0 ~ lo'^ photons/s. However, the 
human eye perceives only a narrow wavelength range between blue and deep red, 
compared to the spectrum ranges seen by some other animals. For instance, fal- 
cons perceive the UV radiation reflected off urine traces of mice [Wilke 2002]. 
Bees can see UV but not red. Snakes have special pinhole eyes for infrared. The 
spatial resolution of eyes reaches the diffraction limit. The eyes update the image 
information continuously. Some eyes have a zoom lens so that the overall dimen- 
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sions of the eyeballs do not change. Many eyes can also be swiveled around in their 
sockets to scan the scenery. Many animal eyes surpass the human design in one 
way or another. Such features have evolved in response to the opportunities or de- 
mands of the niche in the biosphere, in which various animals became masters of 
perception. Some of these designs illustrating the four stages of evolution, Fig. 8.5, 
are discussed here. 



8.4.1 Pinhole Camera Eyes for Heat Radiation 

Snakes find some of their preferred prey in burrows underground where sunlight 
is not present. How does a snake see a rabbit in the dark? All objects emit electro- 
magnetic radiation as heat according to their temperature T. This black body ra- 
diation has an intensity maximum at the wavelength which can be calculat- 
ed from (8.2). At a body temperature of 300 K the radiation spectrum peaks at 
about blind at that wavelength, but our skin is some- 

what sensitive to it, recognizing the radiation as heat. Snakes however can see this 
radiation with their tongues [e.g. see Gamow and Harris 1973], or with specially 
designed pit-organs. 

The heat-sensing organ of the snake heat eye consists of two funnel shaped 
(pinhole) collectors of the radiation and a chamber (pinhole camera), which is di- 
vided by a very thin membrane into an outer and an inner space. Fig. 8.16. This 
membrane can be thought of as a thermal retina, namely an organ that records the 
thermal image produced by the pinhole. The space behind the membrane pro- 
vides thermal insulation from the rest of the body. Since the membrane is thin, it 
has little thermal mass, and since it is separated from other tissues by the inner 
chamber, the membrane can heat up locally with a rapid response time. 




heat sensitive 
membrane 



The trigemina nerve is located in this thin membrane, so that the brain can re- 
solve a thermal image generated by the pinhole. The angular resolution of the 
thermal sense is about ±5°, and the snake can detect thermal images of objects 
that are only about ±0.003°C = 3 mK different from the background. By the use of 
two pits, one on either side of the head, the snake is able to detect the location of 
prey by triangulation. 
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The thermal response to an object can be estimated as follows. Suppose a little 
mouse, modeled as a ball of radius R^=30 mm, is located at a distance of too mm 
in front of one of the pits of the snake. Fig. 8.17. Let us assume that the mouse has 
a body temperature of 290 K while the surrounding is at T=i8o K. Treat the 
mouse as a gray sphere with an emissivity of 8 = 0.7. The surrounding is assumed 
to have an emissivity of £ = 0.6 . 




Fig. 8.17. Pit snake and mouse 



The mouse emits a certain radiation intensity that can be calculated with 
Stefan’s law (2.21), namely fj^jj^gj.= o.7-5.67-io“*-29o4W = 28oW/mh In contrast 
the surrounding scenery at T=28oK, and 8 = 0.6 emits the surface intensity 7 ^,= 
209 W/m^. The inverse square law reduces this emitted intensity. At the distance of 
k = 0.1 m the radiation from the mouse has dropped off to I{R) 

25.3 W/m^. The pit, with a diameter of 3 mm and the area A =7ti.5^mm^= 
7-10“® m^ intercepts the power Pp=Ap7(k)=7-io“®m^-25.3 W/m^=i.78- lO'^W. 
The infrared radiation power impinges onto a segment of the retina membrane 
with an area equal to the projection of the pinhole Ap. Suppose the snake catches 
a glimpse of the mouse of At =0.5 s duration, so that the membrane section re- 
ceives the radiation energy AQ=Pp- At=8.g ■ io “5 J. The heat pulse contains quite a 
large number of infrared photons, AQ = which can be found as follows. 

The average wavelength of these photons can be obtained from Wien’s law (8.2), 
which links the wavelength of maximum emission of a thermal radiator and 
its temperature T. For the body temperature of the mouse T=igo K the typical 
wavelength falls into the infrared region of the spectrum mK/290 K 

= 9.7 • io“ 5 m. Thus the infrared photon energy is 6.6 • io“ 34 . 3 . 10®/ 

9.7 • io“ 5 = 2 • 10“^° J/photon, and the number of photons taken in by the snake in the 
0.5 second snapshot is ATjjj=AQ/£jj^= 8.9 •io“5J/2-io“^°J/photon = 4.4-10^5 pho- 
tons. 

By how much would the membrane heat up? Suppose the membrane has a 
thickness of 0.1 mm. The membrane section then has the mass m=p- 0.1 mm • 

7 mm^=7- io“ 4 g, where p = io“^g/mm 3 is the density of water. The caloric equa- 
tion from Table 2.2 gives an answer. AQ= Cm AT, where C=4.i8 J/K°g. Solving for 
AT one finds AT=AQ/Cm = 8.9- io “5 J/(4.i8-7'io“'^J/°) = o.030° = 30 mK. The sur- 
rounding, with an intensity fg= (209/280)/^^^,^^^.= 0.87 would raise the tem- 
perature by 22 mK. The difference of both temperatures AT=30 mK-22 mK = 

8 mK is larger than the thermal resolution of ± 3 mK of the snake heat eye retina. 
Thus the snake would be able to see the infra red image of the mouse. 



8.4.2 Spider Eyes 
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Spiders focus their eyes by changing the distance between lens and retina, see 
Fig. 8.18. A certain female spider hunts under water and in the air. A quantitative 
example illustrates the optics of her eyes. Suppose the image distance is i^=s mm 
when she focuses onto a target under water, which is for instance at a distance 
0= 100 mm. Assume that the spider eye lens has the same index of refraction as 
the human eye, namely n = 1.43. The eye of the spider is filled with a watery trans- 
parent fluid for which we assume nj=i.33. 

The calculation is guided by the following questions: a) What is the focal length 
of the eye? b) What is the radius of curvature of the eye lens? c) What is the image 
distance if the spider focuses at a similar object with 0= 100 mm in air? d) How 
could the change of image distance be accomplished? 

a) First consider the spider under water. The index of refraction in the object 
space is Using Eq. (8.10) we write i//=(i.33/ioo)-l-(i.33/5)=o.oi33 

-1-0.266= 0.279, thus ^1/2.79=3.58 mm. b) Assume that the eye lens is symmetric, 
so that the radii of curvature and are equal in magnitude. However, the sur- 
faces curve into opposite direction, hence Then by the use of Eq. (8.11) one 
finds (n-n^)/r^-(n-nj)/r^=i//=(i.43-i.33)/rj-(i.43-i.33)/(-rj) = o.2/r^, so that 
the radius is found as r^=o.2 •/= 0.716 mm. (c) In air the index of refraction in 
the object space is n^=i. Then the lens law is written as il loo+il i=ilf=o.2jg. 
This can be solved for 1/1=0.279-0.01, or i^^=3-72. mm. The image is closer to the 
lens when the object is viewed in air by the amount mm- 

3.72 mm=i.28 mm. d) The change in image distance can be accomplished by 
squashing the eyeball slightly with the help of a ring muscle surrounding the eye 
body, see Fig. 8.18. 




8.4.3 Fish Eyes 

Have you ever wondered why fish eye lenses are round like glass beads? They do 
not look flat like a magnifying glasses at all. Mathiessen [1886] noted more than a 
century ago, that many fish lenses of different sizes have about the same focal 
length ratio //k = 2.55, where R is their radius. This number and the spherical 
shape do not come as a surprise when one knows the particular constraints on vi- 
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Fig. 8.19. (a) Fish eye lens, a gradient index lens, and its refractive index n(r), (b) all rays of 
this lens are focussed into F. (c) Focussing of glass ball with n=const 



sual perception under water. There are two problems. First, the light is dim down 
there. Second, lenses immersed in water have less focusing power 1//, because the 
focusing power depends on the difference of the refractive index of the lens and 
the outside An = n^- n^. 

To collect light of low intensity the aperture diameter d of the eyes should be as 
large as possible. However, the light collecting power, or speed S of a lens is larger 
if its radii of curvature and are small, see (8.15). The best compromise for the 
smallest r and the largest d is a spherical lens, with r^ = r^=R = dl2. In actuality 
transparent spheres can act as good focusing lenses for monochromatic light if 
their index of refraction is not constant but varies as function of the radius 
[Luneburg 1944]. Such gradient index lenses are called modified Luneberg lenses. 

One can imagine such gradient index lenses as onion-shell structures wherein 
the core has the highest index of refraction n^, see Fig. 8.19. Successive shells have 
a gradually decreasing refractive index, which approaches the value of the outside 
material n^, at the radius R. The function n{r) can be given as a complicated ana- 
lytical expression, which was evaluated numerically by Gordon [2000]. His data 
are reproduced in Fig. 8.20a, showing the ratio n{r)ln^ for a spherical lens im- 
mersed into water as function of the reduced radius r/R. 





Fig. 8.20. (a) Refractive index ratio n{r)/n^ as function of reduced radius r/R for modified 
Luneberg lens n^, index on the outside, (b) Focal length of fish eye lens as function of re- 
fractive index normalized to the index at the center of the lens [after Gordon 2000] 
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Gradient index lenses can be constructed from a biological material, crystallin, 
a protein with n = 1.52. By changing its water content the refractive index of this 
material can be varied smoothly from 1.52 to 1.34. The center of such a modified 
Luneberg lens has the maximum value n^= 1.52, so that the ratio of this maximum 
value to the index of the water on the outside is n^/n^= n^/n^= 1.52/1.33 = 1.143. 
This ratio determines the focal length of the lens. The focal length/of gradient in- 
dex lenses can also be expressed as a complicated analytical relation of the lens ra- 
dius R, and the refractive index at the center of the lens n^. Gordon’s data for the 
ratio fIR as function of njn^ are displayed in Fig. 8.20b. For the maximum ratio 
”crystallin^”water“^-5^^^-33“^-^43 generated with the materials water, 

and crystallin the normalized focal length is f/R = 2.55, which is exactly the empir- 
ical value found by Mathiessen [1886]. Spherical eye lenses built with this materi- 
al have a fixed aperture ratio 2Rlf= 0.78 = 1 : 1.28. 

Spherical gradient index lenses are not color corrected. Since n is a function of 
wavelength, light rays of different colors are focused at different distances. This 
does not cause a significant problem because the red light is quickly absorbed by 
water. Only blue can penetrate to larger depth, thus in the deep waters all fish look 
blue, and eyes of deep swimming fish do not need color correction. 



8.4.4 Big Eyes of the Deep 

Some animals find their prey at great depths in the ocean, yet light intensity rap- 
idly decreases with depth. Animals that want to see at a great depths must have big 
eyes. Indeed the critters of the deep do have huge eyeballs. The biggest eyeballs 
ever, with diameter 2R = D=i6 cm, are attributed to temnodonto sourus [Motani 
2000]. Today’s giant squids are a close second with 0=25 cm. Table 8.5 shows the 
eye diameters of some existing and extinct animals. 

One can use the diameter of eyeballs D, to obtain an estimate of the depth lim- 
it at which the animal can still see an object given clear water. Assume a cloudy day 
where the photon flux is a factor 40 below the maximum value given by (8.4), 
namely ^^=10^° photons/s • m^. The pupil diameter is by necessity smaller than the 
eyeball diameter D, but it is easy to account for this difference later. The area of the 
eye ball A = 7t (D/2)^ could collect photons/s. 

Due to absorption, the photon number decreases rapidly with depth. Red and 
ultraviolet are rapidly attenuated while blue green light survives, which contains 



Table 8.5. Eyes of some aquatic animals compared to humans and max hunting depths. 
Data adopted from Motani [2000] 



animal 


human 


African 

elephant 


blue 

whale 


ophthalmo 

saurus 


giant 

squid 


temnodonto 

saurus 


body mass M in kg 


80 


5000 


100 000 


950 






diameter of eye D in mm 


25 


50 


150 


230 


250 


260 


in m 
100 


610 




688 


705 


708 


710 
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only the fraction/|^ of the original number of photons. At a depth d the photon 
flux is reduce to (j) (a) By multiplication with the pupil area on finds the 

number the photon that would be captured by the eyeball of the animal 0 {d) = 
= A/j,g (j)^ e Suppose an aquatic predator hunts by looking for the shadow of 
a prey passing overhead. Assume that the animal needs a minimum flux of 
^100^^100^ = too photons per second to recognize a potential catch. This minimum 
light level determines the maximum hunting depth d^^^ 

ioo = <P(d,„J = A/bg0„e-'^‘'»-. (8.20) 

This depth can be found from (8.20). Divide the equation by the factor 
in order to separate the e-function. Then take the natural logarithm of the whole 
equation, and remember In (e) = 1. By this procedure the right hand side becomes 
- Kd^^^. Thus the 100 photon depth is obtained 

<^100 = -ln(2l/bg^o /lOo) . (8.21) 

By setting the aperture of the eye equal to the cross section area of the eyeball 
A, one clearly gets an upper limit for this hunting depth. However, the logarithm is 
not a sensitive function. If A is reduced by a factor 10 the hunting depth with blue 
green light would go from 2220 m to 2076 m. Table 8.6 shows values for the ab- 
sorption coefficients k as function of wavelength for clean sea water and the cal- 
culated maximum hunting depth d^^^ assuming 0.05, and A = 0.05 m^. 

The absorption coefficient depends not only on the wavelength but also on the 
turgidity of the water. Blue light has the smallest value. Plankton and other stuff in 
the sea water scatters and absorbs mainly in the UV and blue section of the spec- 
trum. The effective K" depends on the composition of the floating micro matter in- 
tegrated over the whole depth. 

The depth d^^^ is a maximum-depth limit, because seawater with rich marine 
life, where predators would operate, has a high degree of turgidity. Plankton, oth- 
er dissolved organic matter, and inorganic matter from land drainage may in- 
crease the value of K" substantially, so that less light penetrates to greater depths. To 
somewhat account for turgidity in the calculating the maximum hunting depth in 
Table 8.5 a larger value for the absorption coefficient K= 0.06 was used. 



Table 8.6. Absorption coefficient for clean sea water, and 100 photon depth at different 
wavelengths. Data from Handbook of Optics, 2"'^ ed., Vol. 1, p. 43.28. 



Absorption coefficient 


near UV 


blue 


green 


yellow 


dark red 


wavelength A in nm 


400 


470 


540 


580 


670 


clean sea water /cin m'* 


0.018 


0.016 


0.056 


0.108 


0.43 


max depth in m 


1973 


2220 


634 


328 


82 
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8.4.5 Non Spherical, Large Aperture Lens Eyes of Trilobites 

Another now extinct marine species with large eyes were the trilobites. These an- 
imals had schizochroal (multi-lens) eyes, numbering up to a few hundred of eyes 
per animal, which were mounted on two dome-shaped sclera. 

Large aperture lenses do not focus into sharp points. The lens laws for spheri- 
cal surfaces derived in Sects. 8.2.4 and 8.2.5 hold only for rays that pass through 
the optical system close to the axis of symmetry (paraxial rays). The optical sur- 
faces of a vertebrate eye may be approximated as spherical shells. They produce 
sharp images in broad daylight, when the iris apertures are small. 

Complications arise when the aperture diameters are increased to admit more 
light. Rays that strike the lens farther away from the optical axis (off-axis-rays) are 
bent too much by the spherical surfaces, producing an image that is closer to the 
lens than the image produced by near-axis rays. Fig. 8.2rc. Spherical lenses with 
large apertures cannot produce sharp images. However, there are two remedies, 
gradient index lenses, discussed in Sect. 8.4.3, and compound lenses. 

Compound lenses are used in all expensive cameras. They consist of two or 
more components made from materials with different refractive indices. Com- 
pound lenses consisting of only two components cannot have a spherically shaped 
interface 5 . Trilobites had such 2-element lenses in their schizochroal eyes. Appar- 




Fig. 8.21. (a) Sketch of Schizochroal left and right eyes of Trilobite. (b) Trilobite lens Cra- 
zonaspis stgruvei Henry after Clarkson, (c) Spherical lens with large aperture 




Fig. 8.22. (a) Ray tracing through large aperture Trilobite eye, after Clarkson F# = 1.1. 
(b) Sketch of Huygens’ construction of non spherical - large aperture lens 



5 Expensive camera lenses like the Leitz Elmar had up to 6 components with spherical sur- 
faces, which focus off-axis-rays of different colors into sharp image points. Todays cam- 
era lenses have 3 or 4 elements with non spherical surfaces. 
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ently the lenses were built like an-acromats, having two components with different 
indices of refraction. More details can be found in the beautiful book by Clarkson 
[1968]. 

A section of one trilobite lens is presented in Fig. 8.22a. The ray tracing dia- 
gram in the upper half of Fig. 8.22a shows how rays from an object point do not 
converge into a single image point due to spherical aberrations. In the lower part 
of Fig. 8.22 a one can see how a second lens element, made with a different index 
of refraction, corrects for the spherical aberration. The optical components of the 
trilobite eye supposedly were calcite n^= 1.66, and chitin n^^= 1.53. The shape of 
these lens elements is very similar to a non-spherical compound lens proposed by 
Huygens, Fig. 8.22b, and an independently derived design by Descartes. 



8.5 Facet Eyes 

The eyes of vertebrates have evolved to a high degree of perfection, reaching the 
physical limits in resolution and sensitivity. Since light is almost omnipresent, and 
since much information can be gleaned from it there exists a strong incentive to 
develop eyes. As in many situations, an exclusive solution to a given problem does 
not exist. Indeed eyes have been developed in different phyla and lens eyes are not 
the only possible solution to view the surroundings. Insects went their separate 
way. Instead of collecting light with lenses, insects channel radiation through light 
pipes: facet eyes. Each photo-receptor of a facet eye has its own light pipe. Facet 
eyes do produce a very fine picture of the surrounding with an angular resolution 
approaching the diffraction limit of lenses. Facet eyes also have the ability to dim 
the light, not by individual iris diaphragms, but by actively induced losses in the 
individual light pipe eyes employing frustrated internal reflection. 



8.5.1 The Principle of Light Pipes 



Light waves can be conducted in lightpipes, somewhat like electrical currents flow 
in wires, or water in a river bed. The principle of trapping the light is reflection at 
the walls. Light can be reflected off metal mirrors, or off interfaces between two 
transparent media due to total internal reflection TIR, see Sect. 7.4.4. 

In principle, some light is lost at every reflection off metal mirrors. Internal re- 
flection at sufficiently large angles. Fig. 8.23 a has zero losses. It is total internal re- 
flection (TIR). TIR occurs when the core, a medium of large index of refraction, 
say «|-ore“^'5 surrounded by a transparent cladding of lower refractive index, 
say «dad“^- 4 ’ Therefore, the core has a smaller phase velocity 

than the cladding 



^clad ^^core ^core ^ ^clad ^ ^ 



(8.21) 



The diameter of the core and the thickness of the cladding must be larger than 
the wavelength of the light. Figure 8.23 shows the path of rays in a light pipe. 
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Fig. 8.23. (a) Light pipe, (b) Construction to determine the acceptance angle (c) Re- 
duction of acceptance angle in conical pipe section with cone angle S 



Cylindrical light pipes have an acceptance angle of typically j 3 ~ 20°. The ac- 
ceptance angle j 3 can be reduced by attaching a conical, somewhat trumpet- 
shaped section at the entrance of a pipe, see Fig. 8.23 c. The acceptance angle j 3 of 
a light pipe can be calculated as follows. Light rays are refracted, when they inter- 
sect a surface between two transparent media with different refractive indices, like 

and n^j. The entrance angle 0 ^ measured against the surface normal is larger on 
the side of the smaller refractive index. The entrance angle has the limit 0^=90°. 
Total internal reflection occurs when 0 ^ is exactly 90°. The angle 0 ^ belonging to 
this incident angle is called the critical angle 0^j.j^, of total internal reflection, 
known from Eq. (6.16) as sin 0^^^^= n^ad^^core’ 

0„it=arcsin(n^j^^/n^^J. (8.22) 

Light, which strikes the surface from inside the core at 0 ^^^^ or at any larger an- 
gle is trapped by total internal reflection. It cannot leave the core medium. Rays 
that impinge at any smaller incident angle are not confined. 

With the knowledge of 0 ^^^^ one can determine the acceptance angle j 3 for light 
pipes. Consider a light pipe made from organic materials, which points at a scene 
in air n^= 1. Let the core, with an index of refraction like the human eye lens 
”eye“ ^‘ 43 ’ surrounded by a cladding of water n^= 1.33. First, find the crit- 

ical angle for total internal reflection at point B, Fig. 8.23b. It is 0 „;t= 
arc sin = arc sin(i.33/i.43) = 68°. Now follow the path of the rays back- 

wards. The ray reflected at point B with the angle 0 = 68° can be traced back to 
point A, where it emerged at the angle 7= 90°- 68°= 22°, see Fig. 8.23b. This ray 
must have entered from the outside at the trapping angle P, which is found from 



292 8. Light, Abundant Information 



Snells law (7.18). One has sinj3 = (1.43/1) sin 22°, so that P= arc sin(i.43 • sin 22°) = 
31°. It is easy to see that rays striking the surface of the light pipe near A with an- 
gles smaller than j 3 will all be trapped, whereas rays that arrive with larger angles 
will be lost. In general one can give the trapping angle j 3 as 



sin/3 
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f w 




^^clad 1 


• sin<^ 90 - arcsin 


«o L 


^ ^core JJ 



1-43 



sin 22 



(8.23) 



One can see from (8.23) that the acceptance angle is smaller if the indices of re- 
fraction of the core of the light pipe and the cladding are closer together than 1.43 
and 1.33. The acceptance angle changes if the core of the light pipe is a conical sec- 
tion with the half angle S. Then one finds 
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If a light pipe consists of a conical section with the half angle S attached to a 
straight section, its overall acceptance angle is reduced from the value given by 
(8.23) to the smaller value j 3 (S), calculated from (8.24). 



8.5.2 Insect Eyes 

Insects have developed compound eyes, made up of many narrow cones attached 
to a little lens. These ommatidia are mounted on a curved platform generating an 
outer radius R. In each ommatidium a lens of diameter d, concentrates the light 
into the light pipe at the bottom. If the core of the light pipe has the diameter b, the 
intensity is increased by a factor dVbl In a perfect facet eye the width A = 
2/A/(n^Qj.gd) of the center of the diffraction pattern created by the lens aperture d 
should be smaller than the core diameter b of the light pipe. 

Radius R and lens diameter d determine the viewing half angle that each 
light ommatidium occupies in the hemispherical geometry of the compound eye. 
With typical values R = 2 mm, and d=20 pm, each eyelet is looking into the field of 
view angle P^=d/R = o.02 mm/2 mm = 0.01 rad = 0.57°. 

8.5.3 Intensity Attenuation by Frustrated Internal Reflection 

Compound eyes do not have individual stops. However, animals with facet eyes can 
vary the incident intensity by a completely different process. The intensity trans- 
mitted through an individual light pipe can be varied by changing the refractive 
index by varying the thickness of the cladding, or by moving absorbing 
pigments into the evanescent wave that accomplishes the internal reflection. 

The underlying physical effect is known as frustrated internal reflection. At 
every internal reflection the waves actually penetrate somewhat (about one wave- 
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Fig. 8.24. (a) Cross section through the ommatidia of a compound eye. (b) Compound eye 
of insect, courtesy of Humphries [2002] 



length) into the cladding material. This is because of the wave nature of the light: 
just think that the canopy of the Huygens wavelet-umbrella with a typical lateral 
width of Ti penetrates somewhat into the cladding material, see Fig. 8.25 a. The 
light travels a distance dy~Xout of the high-n core material and translates some 
distance dz, in the forward direction, like a dolphin porposing out of the water. The 
forward displacement is called the Goos-Hanchen shift [Goos and Hanchen 1947]. 

If some part of the evanescent wave is prevented from going back, the internal 
reflection is frustrated. This effect occurs when some light is absorbed or scattered 
in the cladding. Fig. 8.25b. If the thickness of the cladding is small compared 
to the wavelength X, and high n material is located on the outside of the cladding, 
some light will actually tunnel through the cladding. Some insects can activate 
pigments in the tissue outside their ommatidia which absorb radiation. The pig- 
ments migrate towards the ommatidia in bright light, so that the internal reflec- 
tion is frustrated. Through this measure these insects can control the intensity 
reaching the photoreceptors in their composite eyes. Frustrated internal reflection 
is now in technical use primarily for switching light into, and out of fiber optics 
networks, but also in some other technical applications. However, insects have 
used this effect long before humans came onto the scene. 





Fig. 8.25. (a) Evanescent wave, (b) Frustrated internal reflection 
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8.6 Unwanted and Wanted Visibility 

Sight gives an enormous advantage to the hunter to see its prey. How does the prey 
overcome this disadvantage and tip the arms race in its favor? One way is to get out 
of sight, by hiding in bushes, or in sea-weeds, or behind a self produced smoke 
screen. 

The second-best solution is to look like something else. Such optical deception 
may be accomplished by body coloration that blends into the background, or by 
markings that help the hunted pretend to be a dangerous foe rather than a tasty 
morsel. Looking like something else can be accomplished by assuming body col- 
ors derived from partial absorption, from interference, or from reflection. 

Blending into the background can also be accomplished by looking like ab- 
solutely nothing, like a ghost roaming through a medieval castle. This is particu- 
larly effective in the dim light that aquatic animals encounter deep in the ocean. 
No ghost worth his magic would show up in the broad daylight of io^“ photons/ 
m^s. However, an invisible prey maybe rendered visible by eyes that recognize po- 
larized light. 

Much of this optical trickery can be accomplished by using interference colors, 
and reflection effects. Interference is a wave phenomenon brought about by su- 
perposition of waves. Interference mirrors give animals perfect reflectors. These 
are used on fish scales to become invisible, and are also employed in cat eyes to see 
better in the dark. Seeing your meal, and not being seen by your predator, is a con- 
tinuous arms race. 



8.6.1 How Animals Make Perfect Reflectors Using Interference 

Interference can increase or reduce the intensity of a wave field. One application 
of this effect is perfect reflection of light by interference mirrors. Animals don’t 
look into the mirror to check their makeup. Instead some animals use mirrors to 
diminish background light in eyes so that they can see very faint signals in dim 
light. Other animals employ mirrors to make themselves invisible. 

Light can be reflected by thin film interference. All interference effects with 
light are only observed under special circumstances: one must somehow make 
two identical light waves. This can be accomplished by partial reflection on thin 
dielectric materials. Interference phenomena arise because waves can be added or 
subtracted. Consider two waves of equal amplitude and identical wavelength. 
Fig. 8.26 a. There are two distinctive cases constructive interference, and destruc- 
tive interference. In constructive interference, wave A always adds to wave B to 
mutually reinforce the wave motion. In destructive interference one of the waves 
(C = -B) always moves opposite to the other (A), so that both together cancel each 
other out. 

Look at the details of a dielectric mirror, Fig. 8.26b. A light beam 0 strikes a 
thin film with an index of refraction n. Part of the light is transmitted (f), and part 
is reflected (r, beams 1 and 2). The transmitted beam is partially reflected on the 
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Fig. 8.26. (a) Interference of two wave, (b) Interference at a thin film, (c) Interference at a 
double layer 



rear surface and emerges on the front side as beam 2. Imagine that the dielectric 
film is quite thin and the incident angle 0 is small so that the reflected wavelets 1 
and 2 are close together and interact. When reflected off a medium with larger in- 
dex of refraction, a beam like beam 1 suffers a phase change by n, (which corre- 
sponds to a path difference of A/i). 

Constructive interference arises when crests of wave A fall onto crests of wave 
B. The resulting wave is enhanced, the combined amplitude, A -I- B = 2 A, is double 
as large. Destructive interference arises if the crests of one wave always coincide 
with the troughs of the other wave, A + (-B) = 0. Then both waves cancel each oth- 
er and there is no wave motion. If the beams 1 and 2 are completely in step, like the 
waves A and B in Fig. 8.26 a, all the light is reflected, and nothing is transmitted. 
Such in step waves must have a path difference of m A or a phase difference of 
min, where m is 1, 2, or a larger integer number. 

Here we consider only the case m = i for the thinnest dielectric mirror. This 
phase difference is made up from the effect of the reflection of beam 1 at the front 
surface, accounting for V2 wavelength (or a phase difference of the angle 7 t), and 
from twice traversing the thin film (thickness d) for beam 2. Note that one has to 
use here the wavelength in the medium n=X! n. Since the passage 

through the film must account for another V2 wavelength the thickness d of the for 
perfect reflection is 

2d = Amed/2 oringeneral d = Xl4n. (8.26) 

Conservation of energy requires that the incident intensity equals the trans- 
mitted intensity plus the reflected intensity. If all the light is reflected, nothing can 
be transmitted. The thin film then acts as a perfect reflector. If the thin film is 
made up of a double layer with an internal surface M the reflection is not perfect. 
Fig. 8.26c. Some of the light (beam 2b) is already reflected at M, and will not be 
perfectly in step with beam 1. Then not all the light will be reflected and some 
must be transmitted. The internal surface M destroys the perfect mirror. 

Animals use dielectric mirrors for improving the contrast in their eyes, and for 
modifying their external appearance. 
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8.6.2 Improving the Contrast with Dielectric Mirrors 



The contrast of images is reduced if stray light can reach the retina. Stray light is 
light that gets into the eye and is diffusely scattered. Stray light may either be re- 
moved by absorption, or it can be eliminated by reflecting it straight back out of 
the eye. It seems that the second strategy is more effective. Special mirrors are 
needed inside the eye to remove the unwanted light. 



dielectric mirrors 




Fig. 8.27. Positioning of dielectric micro reflectors in the eye to reduce stray light 



Nocturnal hunters have such mirrors inside their eyes. Technical high quality 
mirrors have metallic reflection layer, but animals cannot refine metals. Instead 
animals uses wave optic tricks. Cats and other nocturnal animals have layers of 
small retro-reflector mirrors in the tapetum located behind the retina of their eyes 
that remove any light before it can be scattered inside the eyeball [Denton 1971]. 
These reflectors work on the principle of thin film interference as described in 
Sect. 8.6.1. Apart from removing stray light, the sensitivity is increased since the 
light must cross the retina twice. The color of the reflected light depends on the 
color transmission of the retina and the interference characteristic of the mirror. 
Cat eyes reflect red light, buff colored cocker spaniels generally show yellow 
tapetal reflection, while black Labrador’s eyes glow green in reflected light [Pick- 
ett 2001]. 



8.6.3 Hiding in the Water 

Many animals use interference reflectors. Fish that live near the surface of the wa- 
ter have these mirrors in their scales to look like nothing. Fish make efficient use 
of the light in the water by either redirecting or absorbing the radiation coming 
from certain directions, and even by emitting their own light. Fig. 8.28. The pur- 
pose is to let the animal blend nearly perfectly into its environment. This feat is ac- 
complished using absorption, reflection, and bioluminescence. 
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Fig. 8.28. The hatch fish absorbs light from above to eliminate back reflection. It reflects 
light on the sides, and emits bioluminescent blue light downwards to eliminate its shadow, 
(a) Cross section, (b) side view, (c) dielectric mirrors imbedded in the scales reflect by de- 
structive interference of the forward beam 



The scales of the hatchfish contain many very small individual mirrors, which 
are vertically mounted. Underneath the mirrors is a black pigment, which absorbs 
all the light passing between the mirrors from above. Fig. 8.28a. Looking down 
onto the hatchfish a predator sees nothing, because no ambient light is reflected. 
Each one of these mirrors is a tiny section of thin film [Denton 1971]. A predator 
looking from P in the direction of the hatchfish believes that he sees the rays com- 
ing from A’ and B\ However, in reality its eyes collect the reflected rays A and B 
which are practically identical in intensity to rays A’ and B’ coming from behind 
its prey. Without the mirrors in its scale the hatchfish would appear to its predator 
as a dark contour. 

A predator looking up from below would expect to see a shadow when another 
animal is overhead. However the bluish bioluminescent light emitted downwards 
by the hatchfish looks practically identical to the ambient daylight that makes it 
down to the depth where the hatchfish cruises. Fig. 8.28b. 

The individual micro-mirrors units. Fig. 8.28 c, consist of a double layer of gua- 
nine, index of refraction 1.8, and cytoplasm 1.33. The thickness d of such 
a double layer is chosen such that its optical width n-d = XI4 is exactly one quar- 
ter wavelength. By the principles of interference (8.26) this condition yields max- 
imum reflectivity for a thin film embedded in lower n-material. 

If each unit mirror was made of homogeneous material it would have 100% re- 
flectivity. Since the unit consists of a double layer, some light reflected at the inter- 
nal surface will not achieve perfect reflection. However, when a few of these dou- 
ble layer units are placed on top of each other they have a very high reflectivity 
(75%) for light of the wavelength X. The hatch fish achieves high reflectivity for 
different wavelengths by having in its scales double layers of different width 
and for blue and red light. Fig. 8.27c. 
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8.6.4 Ghosts of the Deep with Anti Reflection Coatings 

Many small and slow critters of the ocean like medusas, jellyfish, and shrimp have 
clear transparent bodies. They drift in the ocean currents swimming very slowly 
with minute muscle power. For instance Polyorcas, a grape-sized jellyfish, possess- 
es a single muscle that closes its body cavity against an elastic force, allowing the 
animal to eject water in pulses to obtain rocket propulsions [Megill 2002]. The 
body elasticity opens the umbrella when the muscle relaxes to refill the internal 
cavity for the next stroke. 

Invisibility is enhanced when light reflection off surfaces is inhibited. At the in- 
terface, the light must pass uninhibited say from water (density p^, index of re- 
fraction n^) to the gelatinous body of a jellyfish (density Pj^j, index of refraction, 
n- j). The indices of refraction are distinctively different: The trick of a 

gnost-like creature is to minimize reflection off its body. Opticians know what to 
do in this case: the front surface of a camera lens has an anti-reflection coating, 
namely a layer less that V2 wavelength thick with an index of refraction that 
changes smoothly from to Transparent aquatic animals do not have anti 
reflection coatings. However, they achieve a gradual transitions form n^, to n- j by 
having a surface with tiny bumps [Johnson 2000] less that V2 wavelength nigh. 
Therefore the average tissue density changes gradually from p^ to and the in- 

dex of refraction similarly changes smoothly from n^, to n^^j. This structure pre- 
vents reflection of light, thus the animal becomes invisible like a ghost. Anti-re- 
flection coating is not an invention of, Zeiss or Nikon. With such non-reflecting 
surfaces the glassy bodies of these aquatic animals is nearly invisible. However, the 
spiral of competition between body structures and senses never rests. There is a 
way of perceiving apparitions. 




Fig. 8.29. Polarization by scattering 
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8.6.5 Unmasking the Ghosts with Polarized Light 

Can eyes really be fooled for long? Objects may look perfectly transparent and not 
reflect any light. However, radiation is polarized by scattering, or by the passage 
through organic structures that contain long chain molecules, like Polaroid filters. 
Similarly, the light scattered off transparent organisms, or passing through them 
will be polarized. 

In Fig. 8.29 the direct sunlight traveling in z-direction towards A is unpolar- 
ized. Light scattered at 90° and viewed from B is polarized in they- direction. Po- 
larized light looks darker when viewed through a Polaroid filter, because the light 
waves, which vibrate at right angles to the polarization direction set by the polar- 
izer, have been filtered out. Photographers know that and use a polarizing filter 
when they want to capture clouds in the sky, because the light from clouds is po- 
larized by scattering. Some hunters of transparent prey in the ocean can see polar- 
ized light (from position C), and thereby recognize their favorite ghosts-food. 

8.6.6 More About Color 

Although the eye is only sensitive to a small section of the electromagnetic spec- 
trum, we can distinguish many different colors. Animals make use of color for vi- 
sual displays, camouflage, and for warnings. 



Fig. 8.30. Dispersion, (a) Red and blue rays in a glass block, (b) Refractive index n{X) 

The primary reason for the appearance of colors is the fact that white light, or 
sunlight contains all the colors of the rainbow. As soon as some colors are taken 
away, by whatever means, the remaining light is no longer white. Colors are creat- 
ed in a variety of ways, due to several physical effects: 

1) Partial absorption in reflection; e.g. red brick reflects only red light. 

2) Partial absorption in transmission; e.g stained glass windows. 

3) Scattering of certain wavelengths; e.g. blue sky. 

4) Interference on thin films; e.g. soap films, gasoline on water. 

5) Diffraction; butterfly wings have elements similar to diffraction gratings. 

6) Dispersion; the speed of light changes with wavelength n = n (A). 
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Dispersion occurs in prismatic transparent structures: a prism sends light of 
different colors into different directions. Dispersion occurs because the speed of 
light, and hence the refractive index, in all materials changes with wavelength. The 
function n{X) is called the dispersion curve. As a consequence, rays of different 
wavelengths are refracted into different directions, see Fig. 8.30 a. A typical disper- 
sion curve for glass is shown in Fig. 8.30b. Due to dispersion a single lens cannot 
bring red and blue light into the same focus. Camera lenses are color corrected by 
the combination of several lens elements made from different glasses. Expensive 
modern camera lenses have up to 6 component lenses for color correction. These 
are manufactured from materials with different dispersion curves. Apparently a 
similar technique was already employed by Trilobites, Sect. 8.4.5. In addition, our 
perception of color is strongly influenced by afterimages: if one looks into a bright 
red light and then turns the eyes immediately towards a white wall, one experi- 
ences a green after-image. 



8.7 The Active Production of Light, 
and Limits of Seeing 

Diverse animals have learned to produce light actively. Plankton, some squid 
species in the ocean, and fireflies in the air are examples. These biological light 
sources are very dim. They serve as camouflage, for communication, as position 
lights like the tail-lights of cars, and to occasionally illuminate the scenery. In ad- 
dition in this section of Chap. 8 some thoughts are presented on binocular seeing, 
and why there is room for other long range senses. 



8.7.1 Bioluminescence 

There area a number of animals that can produce cold light. Generally the intensi- 
ty of radiation generated by bioluminescence is very small compared to the inten- 
sity of sunlight. Therefore, bioluminescence is only used in dark places: at the bot- 
tom of the ocean (e.g. plankton), or during dark nights (e.g. glow worms). 
Bioluminescence in plankton can be observed on the sea-shore on many dark 
nights. Deep down in the oceans live a variety of animals with radiating organs. 
For instance the hatch fish. It’s light is directed downwards and distributed in var- 
ious directions by fully reflecting, or half-transmitting mirror elements, 
Sect. 8.6.3. The color of this light is matched to the color of daylight penetrating to 
the depth where this fish lives, so that the animal eliminates its own shadow: it be- 
comes invisible to predators cruising below. 

The Deep sea angler {Ceratias holboelli) carries an esca bulb, a small fleshy or- 
gan at the end of a spine-like extension of the upper lip, measuring in length about 
15-40% of the full body length (L = 10-20 cm). The esca contains luminous bac- 
teria that emit light at the wavelength X ~ 490 nm with a power of typically 1 pW. 
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This light can be seen by other would-be-hunters up to distances of typically 
too m. The deep sea angler just waits motionlessly for its victims to come close 
enough to be successful in a speedy attack. The light is used as a decoy to mimic a 
small luminous prey. However, the would-be attacker becomes a victim itself, 
when Ceratias holboelli opens its mouth. 

Bioluminescence is a rich field of study that involves quantum effects and mo- 
lecular chemistry, and thus goes beyond the scope of this book. 

No higher animals have managed to generate electromagnetic radiation strong 
enough to produce search beams. Of the long range wave phenomena, only sound 
has been found suitable by animals for active scanning of the surroundings. 

8.7.2 Signal to Noise Reduction Through Binocular Seeing 

The signal to noise resolution of seeing in dim light can be significantly improved 
when two eyes look at the same object. When the image information from both 
eyes is subtracted, anything not seen by both eyes can be disregarded as noise [see 
Ditfurth 1972]. The overlapping field of view has object points which can be seen 
by each eye. Light signals from such points that are not observed in each eye may 
be interpreted by the brain as noise and discarded. This signal discrimination in- 
creases the sensitivity of seeing by about a factor 10. 

However, two-eyed seeing generates the problem of parallax, which can only be 
overcome with added brain capacity. Once the problem of parallax was mastered 
there was an immediate added advantage: 3D perception. With three-dimensional 
perception the organism becomes part of a three dimensional world. This unex- 
pected opportunity may well have been the starting point to self-awareness, and 
image-ination. Imagination can lead to tools, technology, culture, astro-physics, 
arts, philosophy, and finally to the world wide web. 



(a) 



(b) 




0 = 18 O’ 



Fig. 8.31. (a) All round view ot a grazing animal, (b) Forward view ot the night hunter 
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8.7.3 Limitation of Seeing and How the Brain 
Sets You into the Picture 

Light provides very important clues about the environment through the informa- 
tion that is encoded in the wave fields. However, Physics imposes limits on the use 
of the optical sense in at least two respects: (i) The minimum signal strength, (ii) 
The size of the smallest perceptible image. 

The minimum signal strength is best illustrated by an example: In a dark rail- 
way tunnel a green flash lamp bulb emits light of i W, at A = 5.o • io“^m. Without 
reflector this light may be seen from a distance of looo m. How many photons are 
received by the eye in a blink Af = o.i s? Assume the iris has a diameter d = 2 mm 
and an aperture area n (d/2)^ = 3.i4 • io“® m^. 

First, determine the intensity at the distance r = iooo m, namely fiooo=i W/ 
[47t (lOOO m)^] =8 • 10"® W/m^. The power P received by the eye is then found P= 
^iooo^iris“^ ■ io“® W/m^- 3.14 • io“® m^=2.5 • io“^^W. A blink of the eye lasting o.i s, 
captures the energy £ = P • A f = 2.5 • 10“'^ W-o.i s = 2.5 • 10“^'* J. This can be converted 
into the number of photons N, that are captured E = NE^^^^^, where £pi,ot= 
h C q/A= 4- 10“^® J is the photon energy. Solve for N to find N=E- X/(h-c) = 
2.5 • io“^4 j . 5.0 • io"^m/(6.6-io“^4 Js • 3 • io®ms“^) = 6.3 • lo^ photons. This light 
could be easily seen. However, it would be impossible to see a small square target 
T of area A.p=i mm^ that is illuminated by this light and held at a distance of 
P = 1 m from the eye. This result can be derived as follows. Assume that £ = 50% of 
the intensity fjooo=8 • io“* W/m^ at the target is reflected uniformly in all direc- 
tions, giving the target the power P.j.=£ A.j.7jQ^^=o.5-io“®m^-8-io“®W/m^= 

4- 10-^4 w. 




At the distance P = 1 m off the target the reflected light has the intensity I^=P^I 
[471 (1 m)^] =3 .i5-io“^ 5 W/mL With a pupil of the eye of diameter 2r=mm, and iris 
aperture Ajj.j^=3.i4-io”®m^ the radiation power f^=Ap7j^=3.i4-io”'’m=^-3.i5-io“'5= 
10“^° W is captured. This power can be converted into a photon flux 0 photons/s, 
namely Pp=d>£pj^^,. Here we use again £p=4-io“^®J, and find 0 = P^/E^= 0.025 
photons/s. This means that one photon is capture by the eye every 1 10 = 40 s. Ob- 
viously this is not enough to form an image of the 1 square millimeter large target. 
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8.7.4 High Resolution of Optical Signals 
Is Not Always Good Enough 

The smallest structures, which can be resolved by a wave field, are of the order of 
the wavelength X=clv. Since the wavelength of light falls into the range 
0.4 - 0.7 jam optical images can resolve objects down to 1 jam sizes. It appears that 
humans had no need for such high resolution, since the smallest images seen by 
the naked eye are typically too pm. However, when we resolve distant objects we 
make full use of the angular resolution 



sin radian = A /d . 



(8.27) 



For an eye with an iris aperture of d=3 mm in yellow light, A = 580 nm, this 
amounts to an angular resolution of sin 5.8 • io“^/o. 003 = 1.9 • 10“"* radian 
equivalent 1.9 • io “4 radian • (i8o/7t)°/radian= 0.01°. One might think that such a 
resolution would be good enough for all possible circumstances. 

Still there are conditions where light does not yield enough information about 
the environment: (i) if there is too much absorption, (ii) if there are no reference 
points. These are conditions where passive sound signals, sonar, electrostatic, or 
magneto static information is still available. Some animals can produce sound im- 
ages with acoustic frequencies as high as /= lo^ Hz. The smallest structures re- 
solved in these acoustical images have dimension of the acoustic wavelength 
A = v//=340 ms"Vio 5 s“‘ = 3.4 mm, which is about a factor 3000 larger than ob- 
tained by optical images. While not impressive in broad daylight, such an acoustic 
resolution is very good in the eternal darkness of the deep ocean where sperm 
whales hunt for giant squid, or in a moonless night where bats chase moths and 
beetles. 



Table 8.7. Frequently used variables of Chap. 8 



variable 


name 


units 


name of unit 


A 


width of diffraction spot 


m 




c 


speed of light 


m/s 




d 


aperture diameter 


m 






photon energy 


1 


Joule 


F 


focal point 






f 


focal length 


m 


meter 


I 


intensity 


W/m^ 




n 


index of refraction 






0 


angle 






s 


speed of lens 






0 


photon flux 


photon/s 




0 


photon flux density 


photons/s m^ 




V 


frequency 
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Problems and Hints for Solutions 



P8.1 Focusing of the Human Eye 

A person reads a book, Fig. 8.33a, holding it at a distance of 0 = 25 cm. a) Deter- 
mine the focal length of the lens in this position, and the radius of curvature of the 
lens. Assume: (i) the lens is in air, (ii) its index of refraction is n = 1.43, (iii) the radii 
of curvature are equal \ = r, and (iv) the eye accommodates to always produce 

a sharp image on the retina. 




b) Suddenly the person looks through the window and spots an eagle high in 
the sky. As the eyes focus onto the distant object, do the muscles holding the lens- 
es have to pull or relax? c) Calculate the new radius of curvature of the lens after it 
has accommodated to bring the eagle into focus. 

P8.2 Resolution of the Human Eye 

An archer can hit a white square 0.1 m high at a distance of 150 m. a) What is the 
angle subtended by the target? How high is the image on the retina? b) What is the 
area of the image of the square on the retina? c) There are 400 • 400 = 160 000 rods 
and cones per square mm in the fovea area of the eye. How many rods and cones 
does the image cover? d) If the iris has a diameter of d=q.o mm what is the diam- 
eter of the center spot of the diffraction pattern on the retina, see Fig. 8.33b. The 
first diffraction minimum appears at the angle sin 0 ^^^= ^Id. Draw the center dif- 
fraction spot into your sketch of the image of the square, e) Assume the white 
square is illuminated by bright sunlight, average wavelength 5.5 • io“^m with 
an intensity 7 = 1. 2 kW/m^ = <h photons- s“'- m"^(hc^j/A), where h = 6.6-io“^4js is 
Planck’s constant. If 60% of this light is reflected, how many photons are reflected 
per second? f ) How many photons/s get into the eye of the archer and make up the 
image? g) How many photons would get into the eye during one blink of the eye 
which lasts say Af = 0.25 s? 

P 8.3 Spider Focusing 

Spider focus by changing the image distance. Suppose a spider watches a pray at a 
distance 0 = 10 cm under water. Assume that the spider eye produces a sharp im- 
age at the image distance i=o.5 cm. a) Determine the focal length of the spider 
eye. b) Find the radius of curvature of the eye, assuming a symmetrical lens with 
r^ = -r^. c) Now let the spider climb out of the water and focus at another object, 
which is 10 cm away in air. Find the new image distance, d) In a similar way calcu- 
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late the image distances for objects at distances 2.0 cm, 5.0 cm, 20 cm inside and 
outside of the water, and draw two curves with the image distance as function of the 
object distance under water and in air. e) Comment on the biological problem of af- 
fixing such eyes (which focus by changing the image-object distance) on the head of 
the animal. How does the spider actually look at objects that are very close by? 

P 8.4 Owls Eyes 

Owls hunt at night using eyes and ears. A big horned owl has about the size of a 
small turkey. Assume that the owl’s eye is a scaled version of the human eye, with 
eyelid, iris, lens, and retina. Estimate the size of the eyeball, a) Determine the focal 
length, and the diameter of the iris when fully open (assume that the iris has a cir- 
cular shape), b) Find for blue light, X = 480 nm, the diffraction limited angular res- 
olution (the angle at which the first order diffraction minimum occurs), and de- 
termine at which distance L, the owl would recognize two glow worms, which are 
located 12 mm apart as two objects rather than a single blurred glowing point, 
c) Determine the amount of light intensity, which this eye would collect when 
looking from a distance of 50 m at a point source (say a glow worm) emitting 
6 pW of light power in a perfectly dark night (no moon, dark overhead clouds to 
obscure the stars), d) How many photons would this eye collect in one “blink” 
(1 blink Af = 1/15 s). At what distance would the photon flux be so small that the 
owl could no longer see the glow worm? 

P 8.5 Eye to Eye 

The giant octopus lives at large depth in the ocean. It has the biggest eyes of all an- 
imals. Typically the eyeball is iR = 25 cm across. Assume that the octopus eye is a 
scaled- up version of the human eye, with eyelid, iris, lens, and retina, a) Calculate 
for the octopus the focal length, and the diameter of the iris when fully open (as- 
sume that the iris has a circular shape), b) Determine the diffraction limited an- 
gular resolution for blue light (the angle at which the first order diffraction mini- 
mum occurs), c) Calculate the amount of light intensity which this eye would 
collect when looking from a distance of 1000 m at a point source (say a biolumi- 
nescent object) emitting 1 pW of bluish green light, d) How many photons would 
this eye collect in one blink (1 blink, Af=o.3 s). Could an animal with an iris diam- 
eter of id = 1.0 mm see this object? 

P8.6 Fish Eyes, and Scales 

Fish eyes have spherical lenses, and the index of refraction increases gradually 
from n(r^) = 1.33 at the edge to n(r = o) = 1.52, at the center see Sect. 8.4.3. Consider 
a fish eye of )^= 2.5 mm. a) What is the focal length, b) What is the speed S = d/f of 
this lens? c) Why do fish have spherical lenses? d) Suppose the lens did not have a 
graded index of refraction but instead the index was constant at n = 1.52. Where 
would the rays and R^ traveling parallel to the optical axis be focussed? R^ is lo- 
cated y=i mm off the optical axis and R^ is aty=2 mm. e) What optical compo- 
nents generate the colors of fish scales? f) Why do fish scales change the colors 
when rotated in ambient light? 
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P8.7 Fly Eyes 

Flies have compound eyes with many individual photo detectors. Assume the facet 
eyes of a certain fly consist of tiny light pipes, each of d=50 pm diameter, length 
L = 200 pm, and n^= 1.52, mounted behind a conical structure of height 8 = 50 pm 
and top diameter D=ioo pm, and n=i.^2. This cylindrical compound light guide 
is capped by a lens of/=50 pm. The tissue between these optical structures has 
nj=i.33. Assume that the outer radius of the compound eye is r=i.5 mm, and the 
structure occupies V2 of a sphere, a) How many facet eyes are there on each com- 
pound eye if the cones touch each other? b) With reference to Fig. 8.23 calculate 
the critical angle of total internal reflection in the light pipe, c) What is the cone 
angle d? d) What is the acceptance angle j 3 for light pipe and cone? e) Name five 
other animals that have compound eyes. 

P 8.8 Now You See Me Now You Don't 

Optical illusions can be found in many situations. Animals use them for camou- 
flage. a) Find and sketch 3 examples of optical illusions. Explain how the eye has 
been deceived, b) Describe an example of an optical trick used by an animal to 
hide from its predators, c) Describe an example of an optical trick used by an an- 
imal to scare off its predators, d) Describe an example of an animal that appears 
colorful due to either interference or diffraction, and explain how the colors come 
about. 

P 8.9 Changing Colors 

Explain why the feathers of humming birds change color when one looks at them 
from different directions (think of interference). 



Sample Solutions 

S 8 .I Focusing of the Human Eye 

a) Focal length calculated in centimeter: i//= 1/0 -I- i/i = 1/25 -I- V2= 1/1.852, thus 
/= 1.852 cm. The focal length /is related to the radius of curvature r as/=r/[n - 
nj -l-(ng-nj)] =r/[i.43- 1-1- 1.43-1.33] =r/o.53. Then r= 0.53/= 0.9892 cm. b) The 
eye muscle must pull the lens into a flatter shape, c) New focal length found from 
1/8 -I- V2= 1// thus /= 2 cm. The materials in object and image space still have the 
indices of refraction as in a). Therefore, one has the same relation between radius 
of curvature r and focal length/as calculated in a) r= 0.53/= 0.53 • 2= 1.06 cm. 

S 8.9 Changing Colors 

The iridescent green and blue colors of the wings of the bird arise from interfer- 
ence. Thin transparent films of thickness d and index of refraction n are imbed- 
ded in the feathers. They act as perfect mirrors for the wavelength X^=2-2-n- d= 
4-n-d, for light that strikes the feather with an incident angle 0 = 0°. The angle is 
described in Fig. 8.26b. Looking straight on to a wing one will see the color asso- 
ciated with the wavelength X^=2 - 2 - n - d. In this product the factor 2 • n • d is the 
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extra path distance Ax that a wave reflected at the rear surface of the thin film has 
to travel compared to a wave reflected at the front surface, so that both together 
generate constructive interference. If the light impinges at an angle 0 > 0° the path 
difference is smaller, namely Ax = 2- n - d - cos0, which is smaller than 2-n-d, since 
cos 0^ is smaller than 1 for any positive angle between 0 and 90°. As a wing is ro- 
tated the angle grows from 0^= 0 to some value 0^. Now the mirror acts as a perfect 
interference mirror for the wavelength X= 4 • n • d • cos 0^. This wavelength must be 
smaller that The feathers acquire a more bluish tinge when the wing is rotated. 



9. Sound 



The needs and wants of many animals 
Are dressed in sound as chirping, honking, growls. 
Voice carries messages of love and anger. 

To scare a rival or attract a mate. 

Voice is the glue that holds together 
The social fabric of all higher life. 



Sound, the Supreme Medium of Interaction 

Sound provides a physical link between animals in the biosphere, and it connects 
the biosphere to the soundscape of the earth itself. The soundscape is made up 
from the noises of running water, breaking waves, thunder, wind, etc, and the 
sounds of animals as they walk, run, fly, breathe, chew, cough, or talk to each oth- 
er. This physical link requires only a small amount of energy. 




There are hidden messages in the noise that may inform listeners about their 
surroundings. These messages are free, like the internet for anyone smart enough 
to hear and decode them. Animals that can hear may improve their chance of 
catching a meal or not being eaten, increase their ability to find a mate, and/or 
their ability to interact as groups through language. 

The first section of this chapter is a qualitative description of the parameters of 
sound. Section 9.2 deals with intensity and impedance, quantities that describe 
the energy transfer associated with sound, and why it is difficult to hear on land. 
This sets the scene for a discussion of ears in Sect. 9.3. Communication by sound 
requires knowledge of the production of sound. The main principles of sound 
generation are discussed in Sect. 9.4. How voices work, is described in Sect. 9.5. In- 
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formation about distance, direction and identity of the source can be extracted 
from sound, Sect. 9.6. The use of sound for active image scanning, sonar, has been 
invented by aquatic mammals and by bats. Some features of this new technique 
are described in Sect. 9.7. Finally, in Sect. 9.8 the imaging and information-gather- 
ing properties of light and sound are compared. 



9.1 Signals of Sound, Noise, and Language 

Every object that moves rapidly in air or in a fluid generates some sound. Sound 
of a single frequency is called a pure tone. Pure tones can be produced by tuning 
forks, or by electronic simulators. Musical instruments, and other sound sources 
generate more than one pure tone simultaneously. Tunes are something pure and 
simple, noise is a collection of many frequencies of short intervals. Noise is all 
around us, because things that move nearly always make noise. 

Musik wird oft nicht schon empfunden Quite often music is despised 
weil sie stets mit Gerdusch verbunden. As it appears as noise, disguised. 

Wilhelm Busch (translated by the author) 

To characterize a pure tone one must specify its frequency, and amplitude, and 
how the amplitude varies with time. To describe noise or music one must know 
the amplitudes and component frequencies that make up this sound, namely the 
composition of the superimposed frequencies. 

Language is a form of noise that we have been accustomed to decipher from 
early childhood. However, language is not a human invention, it even reaches 
across species. A dog owner, listening to his dog, can easily distinguish many dif- 
ferent signals: the japping sound his dog makes when she wants to come into the 
house differs from the angry growl when a stranger enters the yard, and from the 
whining howl when she is lonely, or from the happy yelp when a family member 
comes home. There is a primitive from of language in the dog’s voice that is not 
hard to understand for humans and thus transfers across the boundaries of 
species. Many different animals talk to each other, some over close ranges, and 
some, like whales, over hundred of miles when swimming in the Sofar channel. 
Speech is energy-cheap. Most learning, and much of the social behavior has 
evolved on acoustic interaction between animals. 



9.1 .1 Phenomena Associated with Sound 

The physical processes of production, transmission and reception of sound are 
well understood by animals. In the application of sound, animals have discovered 
many tricks of acoustics, which likely have advanced their evolution. 
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• Every sound source has a generator/resonator with a controlled mode pattern 
for the production of tones of single frequencies, mixtures of tones of diverse 
qualities, or noise pulses of short duration i.e. the vocal tracts. 

• Sound can be directed by wave-guides, and by lenses, i.e. dolphins. 

• Sound is collected with directional collection systems, and must be amplified to 
match the vastly different acoustic impedances of air and water. 

• Two ears can distinguish small phase differences for directional orientation. 

• The cochlea of the inner ear is a sophisticated analog Fourier analyzer of ex- 
treme sensitivity, which can detect frequencies of up to 100 kHz. 

• Sonar systems open new living arenas: the night (bats), and the deep sea (dol- 
phins, whales). 

These developments were pushed to the limits with regards to intensity thresh- 
olds, and frequencies. At the highest frequencies that bats can generate (80 kHz) 
they achieve a sonar image resolution of Ax = A = clf= 4 mm. Smaller objects can- 
not be resolved. Ears can analyze sound intensities in the range 10“'^ W/m^- 
10 WlnF. The very faintest detectable signals are obscured by Brownian motion. 

Most sound processing organs were developed by animals that live on land. Ex- 
amples are frogs, insects, birds, and of course the mammals. Fish have pressure 
sensors called the lateral lines. Yet, not many examples of sound communication 
are known for fish or non-mammalian aquatic animals. Mammals, who evolved 
on land, had to overcome a significant handicap: only a tiny fraction of the sound 
intensity is transmitted when sound passes from air into water (that is from the air 
into the inner ear where the sound is detected). Only after animals had developed 
an impedance-matching organ - namely the outer and the middle ear - was there 
enough energy transmitted to perceive any sound. However, once this hurdle was 
overcome mammals quickly developed ears to hear, and voices for social contact, 
language, and some even developed sonar. 



9.1.2 Parameters of Sound 

what is sound? The sound we hear consists of rapid pressure vibrations of the air 
at our eardrums. Sound can be generated by a variety of devices: bells, strings, tu- 
ning forks, whistles, rattles, resonance tubes, membranes of drums, and speakers. 

Animals use mainly vocal cords to generate sound. One may picture a vocal 
cord as a hybrid between a string and the membrane of a drum. All these sound 
sources shake the air surrounding them in rapid sequence, and this motion is 
passed on to adjacent molecules, spreading waves of oscillation at the speed of 
sound in all directions. Most of these sound-generating devices oscillate in simple 
harmonic motion, SHM. 

The sound of a tone is what we perceive when the air molecules next to our ears 
move rapidly back and forth with a certain amplitude s^ (typically less than 1 pm). 
This motion can be described by many different sound parameters: (1) phase veloc- 
ity, v=VkgT//t, where is the gas constant, T is the temperature in K (v~340 m/s 
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Fig. 9.2. Sound waves and particle motion 
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at room temperature), /t is the molecular weight = 0.029 kg/mol), (2) frequen- 
cy/, (3) wavelength X=vlf (4) displacement amplitude s^, (5) particle speed 
u^=f-2KS^, (6) pressure amplitude Ap^, (7) intensity/, measured in W/m/ (8) com- 
position of different frequencies (sound quality), and (9) sound signal duration. 

Sound travels as longitudinal waves. Sound spreads out from a source in all direc- 
tions. To illustrate the sound motion, consider a very small volume element of air or 
water, through which a sound wave travels. This volume element will oscillate at a fre- 
quency/, or angular velocity co=2nf, with a displacement amplitude s^, and a maxi- 
mum velocity u^, (which incidentally is very small compared to the speed of sound). 

Sound energy is characterized by the intensity I. If, for instance, the voice of a 
lecturer generates the intensity I ~ io “5 Wlm^ at the distance where a student sits, 
his ear with typical area 3 • ro”^ m^ intercepts the acoustic power = 
3 • ro“* W. However, such small powers can carry much information, espe- 
cially if the lecturer does not dispense nonsense. In comparison, the full sunlight 
shining onto the area of an ear, would deliver radiation power that is one hundred 
million times larger. 

Animals benefit from reading sound signals because from this information 
they can infer the existence and/or intentions of other animals. They can also de- 
tect threats, or opportunities lurking in their inanimate environment. Out of the 
nine physical parameters listed above animals can extract many different clues 
about the sources, namely (i) distance, (ii) direction, (iii) speed, (iv) identity, (v) 
intentions. In order to appreciate the problem of source identification, we first 
look at familiar sources, and what sound signals they produce. 



9.1.3 Sound Quality 

Frequency, amplitude and duration are easily understood for a wave phenomenon 
such as sound; however, sound quality needs some further explanation. Sound 
may occur in different forms. Tones contain only single, or a few frequencies, noise 
is composed of many different frequencies, and white noise contains all frequencies. 

A good starting point for learning about sound is music. A sheet of music is a 
physical record. It is an instruction to produce tones of a certain frequency for a 
particular length of time. Any sheet of music is a frequency - time graph. 
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Fig. 9 . 3 . The melody from the slow movement of Mozart’s clarinet quintet is a frequency/ 
versus time t trace of separate tones. Piano keyboard tuned to /= 440 Hz for A 



Each tone represents a frequency, shown on the left of Fig. 9.3. The frequency 
increases in they- direction. The time axis is in the x-direction. On either the tre- 
ble or the base stave, the tones represent “fixed values” of frequency. Fig. 9.4a. The 
frequency scale is “quantized’! 

When recording animal voices scientists use a similar representation to display 
the sound frequency as function of time. Fig. 9.4b. However, instead of indicating 
the time value of a particular tone by flags with open or full heads, the x-axis is a 
real time axis: a long tone is drawn as a long line. Tones, which slide from one note 
to another like sounds of a Hawaiian guitar, can be easily shown as lines that slope 
and undulate through the/-f plane. 
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Fig. 9 . 4 . (a) Frequencies of harmonics on the treble stave, (b) Fundamental and harmonics 
of the song of whales 



Devices that generate sound always have a fundamental tone^, and often some 
harmonics with frequencies /j = nf^, where n is an integer. This rule holds for mu- 
sical instruments and for voices of animals. To describe the characteristics of a 
musical instrument, one may graph the intensities I, of the simultaneously gener- 
ated tones as a function of the frequency, see Fig. 9.5. Noise is a continuous band 
in such a representation. The tone has the frequency of 440 Hz. Alternately one 

can show the varying levels of intensity of the different harmonics by the strength 
of the lines in an/- f diagram. 
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Fig. 9.5. Relative intensities, (a) Tuning fork and noise, (b) clarinet, (c) cornet 
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Fig. 9.6. (a) Single hand-clap, (b) Multiple hand claps, (c) Rapidly repeated hand-claps with 
period T are perceived as tones of frequency/^ = i/T with the overtones f^=2f^,f^ = ^f^ 



Hand claps have a very wide frequency spectrum of short duration, see Fig. 9.6. 
Clicks that are repeated rapidly at time intervals T meld into tones at the frequen- 
cy^= i/T with overtones 2/^, 3/^, Fig. 9.6c. 



9.1.4 Fourier Analysis 

Sound waves, like other waves, can be superimposed by adding one wave to anoth- 
er wave. When many waves with frequencies —,f^, and amplitudes A^, A^, ..., 
are superimposed a single wave is the result with a much more complicated 
wave form. The reverse process of superposition is the resolution of a complicat- 
ed wave-form into the individual frequency components from which it is com- 
posed. This process can be carried out automatically. It is called Fourier analysis. 
In technical systems Fourier analysis can be done by analog circuits. The cochlea 
in the inner ears of man, and many animals, is a mechanical Fourier analyzer. Our 
frequency analyzing system allows us to hear the sounds of music. The relation- 
ship between frequency and intensity signals is illustrated by Fig. 9.7. 



frequency (a) intensity (b) 
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Fig. 9.7. When multiple frequencies (a) are superimposed a composite intensity - time 
waveform is generated, (b) Wave addition is called superposition. The reverse operation is 
the Fourier analysis 
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9.2 Intensity and Impedance 

Sound waves are pressure waves. They transmit power (energy transmitted per 
unit time). Power density, or power per area is called intensity I. Land animals can 
perceive sound signals only if pressure waves penetrate from the air into the inner 
ear, a fluid environment. Unfortunately, when sound travels from air into a dense 
medium like water, or body tissue, most of the signal is reflected, and only a frac- 
tion (less than one thousandth) is transmitted. Yet, we can hear sounds, because 
the ear amplifies the signal by a factor approximately lo^. In order to fully appre- 
ciate the amazing resolution, and sensitivity of ears, one must know several details 
about the mechanism of sound: how it relates to the motion of particles in the 
medium, and how the intensity depends on the impedance. Impedance is the 
product of density p and sound velocity v of a material. 



9.2.1 Intensity and Particle Velocity 

Consider a window of area A = 1 m^ through which a wave front is traveling. The 
intensity I of the wave field at the window is equal to the energy per second, which 
travels through the window. 

Draw a box of cross section area A and length Az = v-is. It has the volume 
U = A V • 1 s, and contains the total mass M = pAv- is. Consider the short moment 
when a wave train fills the box, like a freight train passing by the platform of a rail- 
way station. After the wave train has traveled through the region, the medium will 
be at rest again, and all the energy in the wave must have left through the window 
on the right hand side. Fig. 9.8. 




Fig. 9.8. Energy and intensity in a sound wave 



The length of the box has been chosen so that a phase front of the wave can 
travel from the left side of the box to the right side during the time interval Af = 1 s. 
Therefore, all the energy contained in the box passes through the window in one 
second. While the wave train is inside the box each volume element dm=pdV 
has the total energy d£ = V2dm-u^, where the particle oscillation velocity 
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u^= s^2nf= s^CO is related to the displacement amplitude s^ , the wave frequency/, 
and the angular velocity ft) of the associated simple harmonic motion. The total 
wave energy in the box is therefore 

£ = Xd£ = VzM u^= VipAvis • u^= p Av 1 s • (s^co)^ . (9.1) 

The intensity of the sound wave is obtained by dividing the energy by the area 
A and the time interval 1 second; 

I = —^— = \pv{(Os^f=^Zul. (9-2) 

A ■ 1 sec 2 2 

The intensity depends not only on the vibrations of the medium molecules (os- 
cillation amplitude s^, and angular frequency ft> = 27t/), but also on the properties 
of the medium (the density p, and velocity of sound v). The product Z=pv is 
called the impedance. It is an important acoustic property of the medium. 



9.2.2 Pressure, Impedance, and Velocity Fluctuations 

The molecules in a medium only move if they have to, namely when a force is ap- 
plied. The force is provided by pressure differences. The molecules oscillate be- 
cause the pressure oscillates: when the speaker membrane in Fig. 9.2 moves for- 
ward the pressure in the adjacent air molecules is slightly increased to the value 
p +Ap{t). The excess pressure forces the adjacent volume element to move in the 
+z direction. When the membrane moves in the reverse direction, there will be a 
slightly lower pressurep - Ap(f) which pulls the volume element into the opposite 
direction. The membrane creates an oscillating pressure field Ap{t,z), which 
spreads out. The varying pressure in turn generates the oscillating displacement 
field s(f,z) and velocity field u{t,z), Fig. 9.9. Locations of maximum compression 
are separated in spatial direction z by the wavelength X. The spacing of the pres- 
sure maxima can also be described as a spatial frequency k=2KlX. 

Where the pressure is large, the displacement will start to build up. However, 
there is a delay: the displacement follows the pressure by V4 of a period T=2kIco = 



Table 9.1. Impedance of air, water, and body tissue. Data adapted from [Lutz 99]. The mam- 
malian cochlea impedance adapted from Hemilia et al. [1999] 



material 


density p 


sound speed v 


impedance Z = p-v 


air 


1.29 kg/m 3 


340 m/s 


439 kg/m^s 


water 


1000 kg/m^ 


i496m/s 


1.49 • io®kg/m^s 


mammalian cochlea 






1. 5 • lo^kg/m^s 


fat 


940 kg/ m 3 


1476 m/s 


1.39 • lo^kg/m^s 


muscle 


1058 kg/m 3 


1568 m/s 


1.6 • 10* kg/m^ s 


bone 


1785 kg/m 3 


3360 m/s 


6 • 10* kg/m^ s 
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Fig. 9.9. z-t plane displacement field. Volume elements oscillate with maximum velocity 
and maximum displacement in a sound wave. Phase velocity v =XIT = Xf 



ilf. Therefore the phases of pressure and displacement differ hy Tl 4 = co 271/(40)) = 
7 t/ 2 . By the use of the relation sinjo -71/2} =-cos O,one can express the time delay, 
and then describe the fluctuating displacement s(f) of a volume element and its 
excess pressure Ap{t) as function of time t and position z 

s = s^sin{o)f-/cz}, and Ap = -Ap^cos{o)f - /cz} . (9.3) 

This function solves the wave equation (7.5) when the phase velocity is given by 
V = colk = Xf. Indeed, Fig. 9.9 shows that a particular phase, say the maximum 
compression, travels with a speed given by the slope v = XI T. 

In order to understand the action of sound waves in various media one must 
know how the local particle velocity in a sound wave is related to the three oth- 

er parameters, the local pressure increase Ap(f), the phase velocity of the distur- 
bance V, and the local density p. These quantities are connected by a simple equa- 
tion (9.4) that holds quite generally for the small pressure fluctuations in sound 
waves, as well as for the very large pressure steps across shock waves. (In the case 
of shocks Ap is the pressure jump across the shock front, v is the shock front ve- 
locity, and is the particle velocity behind the shock.) 

APo=(pv)Uo=Z-Uo (9.4) 

This relation looks similar to Ohm’s law V=R fy, which connects the current 
to the driving voltage V. The flow of current, is impeded by the electrical resistance 
R. Similarly, the flow velocity of volume elements in a sound wave is driven by 
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the excess pressure Ap^ and it is impeded by the quantity Z=pv, which is therefore 
called the impedance. The impedance of air is p v = 1.29 kg/m^- 340 m/s = 
439 kg/m^s. Values for other materials are shown in Table 9.1. 

Equation (9.4) follows from the definition of the phase velocity v of a com- 
pressible medium: 



derived in Sect. 7.3.2. The particle motion in a sound wave is so fast that no heat 
can flow out of the instantaneously compressed regions. Hence, we approximate 
(dp/ 3 p)g = Ap^/Apjj, in order to relate the maximum pressure to sound speed and 
maximum density Ap^ ~ A p^v^. 

The maximum density Ap^ in the sound wave is found by considering the mo- 
tion in detail. Within the distance of one wavelength there is one region of com- 
pression, and one region of expansion, each covering a distanced of A/2 in the z- 
direction. The higher compression arises because particles are pushed into the 
volume element from the rear, and from the front by the maximum displacement 
distance s^. Therefore, the original volume V=AZl2 of a particular volume ele- 
ment of lateral area A is changed by -AV=A 2s^. The compression ratio is there- 
fore -AVIV=2sJ{Xl2) = 4sjX. 

The density increases at the same rate as the volume decreases [Ap^lp = -JA/IV 
= 4 sjX. However, by this argument one only finds the average density increase 
[Apjj] in any given volume element. Figure 9.9 shows the instantaneous local den- 
sity at as a shaded trace. Since the density varies smoothly, the maximum Ap^ is 
actually higher than the average value [Ap^], just as the maximum value of a sine 
curve is higher than the average deflection by the factor 7t/2. Therefore, one has 
Ap^=p2nsjX=ps^2nf/v = p s^colv. If the particles in a sound wave perform sim- 
ple harmonic motion their maximum velocity u^= s^CO is the product of maximum 
displacement s^ and angular velocity CD, so that Ap^=pujv. This relation can be 
combined with the definition of sound speed Ap^~Ap^v^ to derive Eq. (9.4). 

Further using Eqs. (9.2) and (9.4) one can relate Ap, u^, and to the intensity 
/=£/(A-is) = o.5 ipv){0)- sX=o-5ipv){n^^J''=o.5^PpD^^^, which yields the 
particle displacement s^, and particle velocity as function of intensity and im- 
pedance 



The local pressure fluctuation Ap can then be expressed as function of the par- 
ticle velocity 



Note that the particle velocity does not depend on the frequency. The inten- 
sity of the wave can be expressed as a function of the displacement amplitude s^, 
the velocity amplitude u^, or the pressure fluctuation amplitude Ap^. 



v^= {dp/d p\= {col kr={Xfr 



(9-5) 




(9.6) 



Apo = ^2Z-I =Z-Ug. 



(9-7) 
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Example: A speaker generates a tone of 1200 Hz with a power of 3 W of sound ener- 
gy in air. Take v = 340 m/s, p^j^. = 1.29 kg/m^. What is a) the intensity at a distance of 
200 m, b) the displacement amplitude of the air molecules, c) the pressure ampli- 
tude, (d) the particle velocity? Answer: Assume that the speaker emits sound energy 
uniformly into all directions, a) f(r= 200 m) = 3 W/(47t 200^) m^ = 5.9 • io“®W/m^, 
b) Sp= (V 27 t/)( 2 f/vp)‘'*= (V 27 t 1200) {(2 • 5.9 •io“*)/(340 • 1.29)}''*= 2.18 • 10'® m = 
0.022 p,m. c) Apjj = V(2pvf) = V(2- 1.29 -340 • 5.9-10'®) = 0.0723 N/m^ = 7.14 -lo'^ atm, 
(d) u^= Sq 2 71 • 1200 = 0.17 mm/s. 



9.2.3 The Decibel Scale 



Sound levels j 3 are generally measured with the decibel scale with units dB which 
is a relative measure of intensity defined as 



P 



= lologio 




\ 

dB. 

y 



(9.8) 



The local intensity I is compared to some scale intensity In acoustics one 
uses the threshold intensity for human hearing, which has the incredible small 
value 



= 10 W/mh (9.9) 

An increase of intensity by a factor 10 means an increase in sound level by 
10 dB. A thousand-fold increase in intensity equals 30 dB. From the threshold of 
hearing at about 0 dB to the threshold of pain at 120 dB the intensity varies by a 
factor lo^h Very few technical detectors have a sensitivity range of 12 orders of ma- 
gnitude. A few examples are given in Table 9.2. Note that the motion amplitudes 
of the faintest sound that one can hear are less than the diameter of a single atom. 

In acoustic studies of aquatic animals two other reference scales are occasion- 
ally used, namely the acoustic reference pressures (a) measured in Ap = 1 pPa and 
(b) Ap = i pbar = 0.1 Pa. 

To distinguish between these scales we assign the letters ) 3 p and Ip to the sound 
level and associated reference intensity, respectively, in the pPa scale. Similarly la- 
bel and as the sound level and reference intensity in the pbar scale, and call 

the sound level with the reference intensity I^= lo'^^ W/m^. These sound level 
scales differ by constants Aj 3 that depend on the impedance of the medium, and 
the chosen reference intensity. 

The conversion constants Aj 3 are found as follows. Expand the definition of P 
from Eq. (9.8) so that one can for instance connect the sound levels Pp measured 
in the pPa scale to the hearing threshold scale P^ with its reference intensity 
4= lo-'"' W/m^ namely P^= 10 = 10 = 10 

(4/fp)} = 10 logJI/Q + 10 log^„(4/fp), or 

Pp = Po + APo,^ 



(9.10) 
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Table 9.2. Intensities and amplitudes (f= 1000 Hz; 1 atm=i.i03 • io 5 N/m^) 



P[dB] 


I [W/m^] 


hpo [^tm] 


^0 


0 (barely audible) 


10"“ 


0 

b 

00 


1.1 • 10"“ m 


20 (whisper) 


10”^° 


bo 

0 

1 


i.i-io"'°m = o.ii nm 
= diameter of atom 


65 (conversation, 
noisy classroom) 


3.2 •lO"*’ 


5.2 • 10~7 


0.02 |im 


80 


10"4 


SO 

0 

00 


0.11 |im 


120 (threshold of pain) 


1 W/m^ 


2.8-10"+ 

water column of /i = 3 mm 


11 fim 


150 jet takeoff 


1 kW/m^ 


2.8 • 10"3 


0.11 mm 



The constant = 10 connected to the reference intensity = {ApY! 

(2 p v), where Ap = 1 pPa = io~® Pa. The impedance p v must he specified for the medi- 
um of interest. For a reference pressure ipP = io~®N/m^ measured in water with 
= (p V J = 1.5 • 10'^ one has fp= (Ap)V(2p v) = (io-®)V(2 • 1.5 • 10®) = 3.33 • io-‘ 9 . 
Hence AP^^=io I^)= 10 logjg(io"“/3.33-io”'S) = 64.78 dB. Similarly the hear- 

ing threshold scale can be converted into the pbar scale, where Aji^^= to 
and Ap = i pbar = 0.1 Pa. Then the reference intensity in water is = {ApYI{i pv) = 
(io-i)^/(2 • 1.5 •io«) = 3.33 -10-9, so that A/ 3 „j, = iologj^( 7 ^//p)= 10 logj„(io-“/3.33 • 
lO’S) = -35.2 dB. The conversion of scales in water and air are shown in Table 9.3 



Table 9.3. Conversion of sound levels P in water and air measured in different scales 



medium 


z 


f to pP scale 


f to pbar scale 


pbar to pPa scale 


water 


1.5 • 10 * 


P^ = Po + 64-8 dB 


/3p = /3o-35-2 dB 




air 


439 


/^p = /^o + 28-6 dB 


/5p = /^o-7MdB 


^p = /3b+ioo 



9.2.4 Beats 

when two sound waves with slightly different frequencies and are added or 
“superimposed” the resulting vibration is modulated at the beat frequency 
Af=f^-f^. The intensity (amplitude) modulation is quite noticeable, and it can be 
used to determine the frequency^ if/^ is known. This effect is utilized by bats, to 
detect the frequency of the Doppler shifted return signal/^ coming back from a 
moving target, such as a flying insect. It will be shown later that the speed u of an 
approaching object can be obtained from a relation Aflf=2ulv where v is the 
speed of sound, andf is the carrier frequency of the sonar pulse emitted by the 
bat. It is likely that aquatic mammals also use this Doppler effect to detect the 
speed of their prey. 

Imagine two tuning forks being struck at the same time. An interesting effect 
occurs if the frequencies of both waves are just a bit out of tune. Consider two tun- 
ing forks which are struck simultaneously with the frequency /j=440 Hz, and 
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Fig. 9.10. Supereposition of two wave to form beats, (a) yj=sin( 27 l 440 1), (b) y^= 
sin(2 71 398 f), (c) Superposition of waves y=y^ +y^ 



/^=443 Hz (corresponding to the angular frequencies (0^=2% f^= 2,765 radians/s, 
and ft)^= 2nf^= 2,783 radians/s). The resultant sound fluctuates in intensity, as if 
the two tuning forks were continuously turned on and of. The oscillations are in- 
dividually described by/^ = sin inf^ t , and/^= s^sin infj. Here it is assumed that 
both sound signal have the oscillation amplitude s^. The addition of two sine 
waves s = Sj-i-S2=Sj sin2Kf^t + s^sin2nfj=2s^sin{2Kt{f^+f^)/2}-cos{ 2nt(f^~ 
f^)l2} leads to the product of a sine and a cosine function. The first is called the 
“carrier wave”. It has the frequency The second factor represents 
the modulation, which causes the amplitude of the carrier wave to oscillate be- 
tween 0 and 2 Sq. The resultant sound wave periodically changes its amplitude. The 
tone therefore vibrates in intensity at the beat frequency and beat period 

/beat=/i-/2> and Tb= !/(/; -/,) . (9.11) 

The superposition of two waves Figs. 9.10 a and b are shown as a graphical illus- 
tration. The frequencies are f^= 440 Hz and f^= 398 Hz. The oscillations are de- 
scribed by the functions y^= sin{440 • 27 i f}, andy^= sin{398 • 2 7r f}. The addition of 
these two waves yields the modulated wave Fig. 9.10 c with a beat period 
1/(440-3981 = 23.8 ms. The carrier wave has the frequency (440 -I- 398)72 = 
419 Hz, and the period T^^= 2.39 ms. Actually the frequency resolution of the hu- 
man ear is fine enough to distinctly separate these two tones. 



9.2.5 Sound Absorption, Scattering and Refraction in Free Space 

Ideally a sound wave does not permanently affect the material through which it 
travels, or conversely the wave does not lose any energy as it travels through space. 
However, sound can be absorbed, scattered, or refracted by (small) objects wher- 
ever sound travels. 
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Absorption takes energy and momentum away from the sound wave and im- 
parts it to the transmitting medium: the medium gets hotter and it is “pushed” by 
the sound wave. 

• Scattering is reflection of small parts of the wave field in random directions. 

• Refraction changes the direction of propagation of a sound wave. 

Here we consider a plane wave, impinging onto a surface area A. Due to the 
(partial) absorption the intensity drops exponentially inside the material accord- 
ing to 

I{r) = I^e-'°^ (9.12) 

where is the intensity at the source, x is the distance to the source, and K"is the 
absorption coefficient, or extinction coefficient. The total intensity AI lost from 
the sound wave and absorbed in a slab between the front surface at R and the 
depth x = d is AI = I^- I{r) = I^{i- During the “exposure time” Af the ab- 
sorbed intensity feeds energy AE = AAIAt into the slab. 

The inverse of the extinction coefficient K, called the range R = i/k, is a meas- 
ure for the distance over which the sound intensity is reduced by a factor 
i/e = 37%. The absorption coefficient and hence the range of sound waves depends 
on their frequency, see Fig. 7.8. 

The absorbed intensity AT may also be expressed as sound level difference Aj 3 
measured in dB (decibel). Section 9.2.3. If the incident intensity is and the 
transmitted intensity jS^then the absorbed fraction in decibel is 

AP = P^~P^= 10 log = 10 log {IJip (9.13) 

and 

AI = I^-I{r) = I^{i-e-'^<^) . (9.14) 

The relation is useful because sound absorption in water is quoted in ApiAx, 
where Ax = 100 m. This measure of absorption can be converted into an absorp- 
tion coefficient k by the relation 

K= (i/Ax) ln(io^^^'°) . (9.15) 

Without using this formula one can go through the steps one by one. Consider 
the conversion of AP = 1 dB per 100 m into the corresponding K"-value. -1 dB = 10 
log(fj/f|j), or -1/10 = log(fj/fjj). Raise this relation to the power ten: The left side 
yields 10“^^“ = 0.7943, and right side 10 log {IJIJ- Hence, one has 0.7943 = IJIg- 
definition of K one has IJIg= where Ax = 100 m. Now solve for K. One finds 
0.7943 = fj/fQ = 6“'^^*= Take the natural logarithm on both sides to get 

In 0.7943 = -0.230, and In e““°'^=-ioo K. Finally K= 2.3-io"3m“h 

Values for the absorption coefficients for sound in air and sea-water in 
dB/100 m are given in Table 7.6, and shown in Fig. 7.8. Sound is less attenuated in 



9-2 Intensity and Impedance 323 



water than in air by more than 2 orders of magnitude. There is so little absorption, 
particularly at low frequencies, that whales could talk to each other over distances 
from Hawaii to Alaska before man filled the waters with noises of propellers and 
exhaust gases from outboard engines. 



9.2.6 Impedance Mismatch Between Air and Water 

Ears are devices, which absorb energy out of the surrounding sound wave fields 
and extract information about the location of the source, the frequency, and the 
intensity. There is a problem since the sound comes through the air but must be 
analyzed inside the body, which has essentially the acoustic properties of water. It 
is a problem of impedance missmatch. 

The acoustic impedances Z= p v of air and water are very different. Whenever 
there is a large difference between the impedances of two media, through which 
the sound travels, very little sound energy can be transmitted from one to the oth- 
er. The problem becomes apparent if one looks in detail at the sound intensity, as 
function of particle velocity frequency/and pressure amplitude as derived 
with (9.6) and (9.7): 

I = ^Z{2nfs„f =^Zul = ^Ap^u„. (9.16) 



Typical values for the impedance Z = pv are shown in Table 9.1. Note that the 
impedance of the cochlea is smaller than that of water by about a factor of 10, be- 
cause the cochlea is enclosed by a soft window that borders onto the air in the 
middle ear. For a given sound of frequency/ and intensity 7 the product of imped- 
ance and the square of the particle displacement is a constant. 

When the sound wave travels through a medium like air with small impedance 
the displacement will be large. When the same wave travels through water, 
which has a very large impedance, the displacement amplitude and the maximum 
velocity will be small. 





Fig. 9.11. Transmission and reflection of intensity of transmitted wave at an interface 
air/water, (a) Displacement is transmitted, (b) Pressure Ap is transmitted 
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Only very little sound energy is transmitted across boundaries between media 
of different impedances. Regardless if the sound travels into, or out of the denser 
medium, the ratio of transmitted to incident sound intensity is equal to the ratios 
of the smaller to the larger impedance. This result will now be derived in detail. 

The transmission of sound from the dense to the dilute medium is governed by 
the displacement of the interface. In the reverse case, where sound is transmit- 
ted from the dilute to the dense medium, the oscillating pressure exerted by the di- 
lute medium at the interface is the important parameter. Suppose a sound wave 
traveling through water arrives at an interface with air on the other side. The am- 
plitude of motion in the water is given by (9.6), namely 



(si) 

\ /-u 



2l 



(o ■ p v 



/water 



If the free water surface acts like a speaker membrane it will excite a sound 
wave in the adjacent air with the same frequency and the same displacement am- 
plitude/s^ a“/-^o w' Then, by the use of (9.6), the ratios of intensity and impedance 
must be the same in air and in water. 






y w 



Now introducing the sound transmission coefficient T 



r = ZJZ^={pv)J{pv\ 
one can write in general 



j - ?-T =t.T = 

^ a,trans y w ^ w 



3416 



(9-17) 



(9.18) 



Since only the small amount of intensity is actually found in the air behind 
the interface, the rest of the energy must have been reflected. This is indicated in 
Fig. 9.11a. One can easily calculate the magnitude of the reflected wave. By the con- 
servation of energy the wave must either be transmitted or reflected. IJ^inci- 
dent) = IJitransmitted) + IJjeflected), and with the help of Eq. (9.18) one has: 



/ 

1^ (reflected) = (incident) 1 

V 



1 

3416 



\ 

= 0.9997 I^(incident). 

) 



(9-19) 



This calculation shows that 99.97% of the incident wave intensity is reflected. 

It is also instructive to compare the amplitudes and ^ of two sound waves 
of the same frequency and intensity in air and water. By writing (9.17) for for the 
media water, and air separately, and then taking the ratio of both relations one 
finds: 
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5 , 



o.w 



o.a 



58. 



Similarly unfavorable is the energy transfer by a sound wave traveling from air 
into water, Fig. p.irb. Due to its much larger density the water does not follow the 
displacement of the air molecules but rather responds to the pressure fluctua- 
tions. The pressure must be the same on both sides of the interface. With the help 
of (9.16) the pressure fluctuations at the interface can be related to the intensity 
Apo aif = These pressure fluctuations will cause identical pressure fluctu- 
ations in the water, namely Ap^_ai = ^Po,water=^ where is unknown. 

Therefore: 



This equation is solved to find the intensity transmitted into the water 



The fraction of the intensity, which is not entering the water, namely (r- 
2.9 -lo'^) 7^ will be reflected. The interface between water and air acts as a very 
good mirror for sound waves. This poses a problem for the hearing of land animals, 
because the inner ear is essentially a watery substance, and the outside is air. Obvi- 
ously animals had to come up with a very effective impedance matching design. 

There is a surprising general result of these transmission calculations. No mat- 
ter whether the sound is sent from air to water, (9.21) or from water to air, (9.18), 
only the tiny fraction {pv)J{pv)^of intensity is transmitted. 

Sound, like light and other wave phenomena, can be concentrated by acoustic 
lenses. An example is the acoustic lens or melon in a Dophins’s head. Snell’s law 
(7.18) governs the ray propagation through acoustic lenses. 

9.2.7 Hearing and Voice Transmission in Air 

Ears need detectors for a sufficient frequency range, and voices must have gener- 
ators to produce the sound. All body parts of an animal are condensed matter with 
impedance similar to water. Due to the difference in impedance the energy con- 
tent of a sound wave in air is very much smaller than the energy content of a 
sound wave in water or other condensed matter. Therefore, sound must be ampli- 
fied for transmission through air and concentrated in the absorption process. 

Most animals produce multi-frequency sounds, which are amplified before be- 
ing beamed away by a spreader/ speaker. Fig. 9.r2. The sound generated in a body 
is often spread out and beamed away by vibrating surfaces that are acoustically 
connected to the generator (oscillator)-amplifier. Diffraction helps with the initial 




(9.20) 




= 2.9 • 10 ■ I. 

3416 



a • 



(9.21) 
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spreading, as long as the wavelengths are of the same order of magnitude as the 
speaker diameter D. Signals are then sent in all directions by the spherical diverg- 
ing waves. All frequencies are transmitted simultaneously through the air. At any 
point in space the sound signal is a single vibration - time signature, containing all 
the different frequencies, similar to the schematic trace shown in Fig. 9.7b. The in- 
tensity of this sound wave decreases as it spreads out from the sender. 





Fig. 9.12. Examples of an emitter and a receiver of sound 



The sound wave of intensity incident on an ear of collector area A contains 
the power P = A This power is concentrated by the ear system onto a tiny ana- 
lyzer area. Elements of the ear are the collector, concentrator, amplifier and the 
frequency analyzer. 

An important function of the collector/receiver is to pick up the tiny vibrations 
of the incident sound wave. Since the energy density of the sound in air is very low 
the receiving element should have a large area and a very low mass. Details of ears 
are discussed in the next section. 



9.3 Ears 

The environment is full of acoustic signals from a multitude of sources. These 
sounds contain much information. Ears convert these faint oscillations of the air 
molecules into nerve signals. 

The principal sound reception element of an ear is a structure that vibrates 
precisely in phase with the incident sound wave. In order to create a detectable 
signal this structure must meet three conditions. First, it must be free to move rel- 
ative to the body. Second its impedance must differ from the impedance of the sur- 
rounding air, and third it must have a very low-mass, so that it can follow the 
minute sound vibrations in the air. 

Body, brain, and inner ear have the density and impedance of water, whereas 
the medium, which carries the sound to terrestrial animals is air. Sound ampli- 
tudes in air are very much larger than in the water, see Sect. 9.2.6. However, the 
acoustic energy density in air is much smaller than in water, because the acoustic 
impedances of air and water differ by about a factor 1000. Therefore, the sound 
signals must be amplified. Unfortunately in a sound wave all the different frequen- 
cies are superimposed, like an orchestra, or like the voices of traders in the stock 
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exchange. In order to take full advantage of this jumble of frequencies the inner 
ear contains a very precise analyzer that Fourier-decomposes the sound into its 
various frequencies. 

Mozart once listened to a new piece of written by an another composer. After- 
wards he sat down and wrote out every note, of all the instruments. He knew what 
he heard. The ear of a mammal does this all the time. One recognizes different 
voices, noises, sound sources, and melodies without actually being conscious of 
the entire score sheet. 



9.3.1 Principles of Amplification in Mammal Ears 

The principal reception element of a mammal ear is the ear drum, a thin mem- 
brane that vibrates in phase with the incident sound wave. The drum is connected 
to the middle ear, which converts the so/f vibrations of the air (high amplitude, low 
intensity) into hard vibrations of the oval window of the cochlea. This impedance 
matching also involves an amplification of the acoustic signals by about a factor lol 




Fig. 9.13. Sketch of the human ear 



The amplification proceeds in 3 steps. First the sound is collected by the pinna, 
and amplified by channeling the signal onto the much smaller drum, area A^. Sec- 
ond, the force acting onto the ear drum is conducted, and amplified mechanically 
through the linkage bones of the middle ear, which are connected to the oval win- 
dow, area A^. Finally the force acting onto the oval window is magnified by area re- 
duction Aj A^. 

The sound then excites waves inside the cochlea, which travel only up to a cer- 
tain distance, according to their frequency; the lower their frequency/the farther 
they travel. They are absorbed at a place where they excite a standing wave in res- 
onance. The standing wave shakes a bundle of stereocilias, which are attached to a 
nerve cell. The nerve cell changes its voltage when the cilia are moved and sends 
an impulse towards the brain. These principles are illustrated with the example of 
the human ear. Fig. 9.13. 
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9.3.2 Pinna and Middle Ear Amplification 



The human ear has three essential components: (i) The outer ear with the pinna of 
area A^, collects and somewhat concentrates acoustic power P = I^A^. (2) The 
middle ear converts the acoustic pressure into a force, which is amplified by the 
middle ear ossicles, three small bones that form a lever system with a mechanical 
advantage of about a factor 1.5. The ossicles are attached to the oval window. This 
membrane is part of the inner ear, a snail shaped organ, called the cochlea. (3) Flu- 
id in the cochlea vibrates when set in motion by vibrations of the oval window. 
Pressure wave components of various frequencies propagate through the spiral 
staircase tract of the cochlea, and terminate in standing waves at specific locations 
in the cochlea. The lowest sound the frequency reach the farthest into the cochlea. 
The standing waves agitate hair bundles that transmit nerve signals. These nerve 
signals are associated with the perception of specific sound frequencies. 

Suppose the outer ear is exposed to sound of the outside intensity The 
eardrum is the receiving low-mass element, which vibrates in the rhythm of the 
incident sound wave. The pinna, area A^, concentrates the collected incident 
acoustic power P„ = A^I^ onto the eardrum of surface area A^. Consider the 
acoustic power P^ received by the eardrum. Ideally P^= I^A^ is equal to the power 
Pg = A^I^ intercepted by the pinna ^p^o' Then the intensity at the 

eardrum is: 




The acoustic power is related to the pressure fluctuations of amplitude Ap^= 
V(2Z^fj). The quantity Z^= (p v)^ is the impedance of air in the outer ear. Enter 
from (9.22) to get 



The middle ear provides amplification and protection. Amplification is accom- 
plished by three small bones acting as levers with the moment arms and re- 




(9-23) 




Fig. 9.14. (a) Outer ear amplification, (b) Middle ear amplification 
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spectively that connect the drum mechanically to the cochlea. The drum exerts 
the force onto the lever system so that a larger force is acting onto the oval 
window. This force can be easily found from the moment ballance F^l^ = F^l^, thus 

^c=^dV'c- 

The acoustic pressures acting at drum and the cochlea window Ap^= F^/A^ and 
Ap^= F^/A^ respectively. Since the force is amplified through the ossicles one has 



Ap,= 



A. 

4 



Pd-k 

h-Ac 



= ^Pd 



4 '^d 
Ac - k ' 



Here one can substitute Ap^ using Eq. (9.23) to obtain 



Apc=Apd- 



4 'k 
Ac-k 



4 'k 

Ac-k 




(9-24) 



With the knowledge of the acoustic pressure at the cochlea one can calculate 
the acoustic intensity in general terms: J^=Ap^^/(2Z^). The cochlea essentially con- 
tains water, however, the oval window provides a somewhat soft containment. 
Therefore, the effective internal impedance of the cochlea is smaller than the 
impedance of water, see Table 9.3. When Ap^ is substituted from (9.24) one has 



4 


4 '^d 


' ^ ^ . 4 


f A 1 \ 

4 'h 


24 


4' k 

y c c j 


A ~ >7 

4 2Z^ 


Ac'h 

y c c j 




(9-25) 



In this equation the middle ear levers contribute the factor The area 

concentration between drum and cochlea bring the factor A^/A^~io, and the 
pressure amplitude amplification factor AJA^ furnishes the factor 30, leading to 
an overall amplification, so that the total intensity amplification is of the order of 
io 4 . This is good enough to compensate for the impedance miss match between air 
and inner ear so that the faint pressure fluctuations in the air become audible. 

The middle ear has another significant function: protection. A small muscle in- 
side the inner ear makes, attenuates, or breaks the mechanical contact between 
outer and inner ear, thereby controlling the intensity that is actually transmitted 
to the cochlea. For instance, the cry of an infant would generate an intensity equiv- 
alent to about 135 dB at the inner ear. Children would be stone deaf from the sound 
of their own voices before they were ever able to speak. The muscle disengages the 
mechanical link to the cochlea, just before the voice starts, so the ear does not hear 
the own screams. 



9.3.3 Inner Ear Frequency Analysis 

Sound waves are launched inside the cochlea from the oval window towards the 
end of the cochlea. The winding stairs of the cochlea channel get gradually nar- 
rower away from the oval window. This yields an acoustic beach, in which signals 
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of a particular frequency can only run to a particular position. Unable to propa- 
gate any further as traveling waves, they turn into standing waves, and bend the 
stereo cilia (hair cell bundles) that are part of the auditory cells. Thus each loca- 
tion along the cochlea channel is dedicated to a particular frequency within the 
hearing range of about 9 octaves from 20 Hz</< 18 000 Hz. At a channel length 
of L = 35 mm, each octave occupies about a 4 mm long section of cochlea channel. 

Figure 9.15 shows a model of the cochlea, unrolled, with hair cell bundles and 
nerves leading to the brain. Each nerve serves one sensory cell with its hair bun- 
dle associated to one particular frequency. 

Suppose a sound wave carries the frequencies /^= 200 Hz, /^= 1000 Hz, and 
/j = 8000 Hz. Each hair cell is connected to its own nerve that goes directly into 
the brain. An electrical impulse on each nerve is perceived as a particular tone. Re- 
cently it has been suggested [Frizsch and Manley 2001] that the hair cells vibrat- 
ing at the frequency of the standing sound wave actively amplify this motion. This 
effect would increase the sensitivity, and presumably produce sound itself, called 
otoacoustic emission. 

The frequency analysis in the cochlea may be modeled as an inverse grand pi- 
ano with fixed linkages between keys and strings. If a piano is placed into a very 
strong sound field containing let say the frequencies 8000 Hz, 1000 Hz, and 
200 Hz, the strings that can create these tones will start to vibrate in resonance. 
Then the keys associated with these three tones appear to be depressed. They 
could act as switches each connected to an individual wire to a central computer. 
Since each frequency has its own wire to the CPU (the brain) a low voltage DC sig- 




Fig. 9.15. (a) Sound signal with frequencies and^. (b) Cochlea, unrolled, (c) Cochlea 
compared to a piano, (d) Stereo cilia bundles (1) with negative displacement, (2) rest posi- 
tion, and (3) with positive displacement 
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nal could announce the presence of a particular tone. While the pressure signal 
from the 8 000 Hz frequency oscillates 8000 times per second the DC signal needs 
no modulation at all, and yet it would indicate a tone of 8 000 Hz. Such frequency 
conversion is needed because the nerves can only transmit signals that are modu- 
lated at frequencies of less than about 100 Hz. 

Electrical signals are only produced when the stereo cilia tips slide relative to 
each other [Hudspeth and Markin 1994]. When there is a high sound level they 
come to a halt in some bent position, and will move further only if there is an ad- 
ditional increase of the sound level. In this way the ear can adjust to different base 
levels of noise: after a while the ear gets adjusted to the noise in a deafening envi- 
ronment. The maximum deflection of the stereo cilia is Ax = 100 nm. When there 
is no vibration in the fluid near the stereo cilia tips, they occupy an intermediate 
position and the nerve cell is at the resting potential -40 mV. When sound is 
present the tips can have a negative displacement where the nerve cell potential is 
at V= -50 mV or they can have a positive displacement Ax, where the potential 
might go up to V= -20 mV. 

The tips are elastic with a spring constant of k~ 6 oo pN/m. At the maximum 
displacement the tips would be bent by the force E= /c- Ax = 6oo[pN/m] -lOO nm = 
60 • 10"^^ N. This force is about 30 times larger than the force exerted by a myosin 
head in muscle contraction. The force associated with bending the cilia at the 
threshold of hearing is 5 E = /c 5 x = 3 nm • 600 pN/m = 1.8 • 10“'^ N. Hearing is limit- 
ed by thermal noise (Brownian motion), which makes the stereo cilia heads dance 
back and forth with an amplitude of about 5 x = 2 nm. Displacements of more than 
3nm are perceived as sound. Thus shielding the brain from perceiving Brownian 
motion as noise. 

If there is too much noise for a sufficiently long time the stereo cilia break off. 
They will never be replaced; the person becomes deaf at this frequency. The posi- 
tion off- 4000 Hz auditory cells is about V2 turn away from the oval window (on 
the opposite side of the snail shaped organ). There appears to be another oscilla- 
tion mode within the cochlea, which directs acoustic power from all frequencies 
to the 4000 Hz location. This spot can be overloaded by any noise, and is most 
easily damaged. Therefore, people first lose the ability to perceive in the 4000 Hz 
range. 



9.3.4 The Ear of an Aquatic Mammal 

For the aquatic mammal, like a bottle nose dolphin, or a whale, hearing is easier 
than for a land animal: the sound signals from the environment already travel 
through water which has a similar impedance as the inner ear of the animal. 

Yet the impedance of the mammalian cochlea = (p ~ 1.50 • lo^ kg/ 
(m^s) is about ten times smaller than the acoustic impedance 1.5- 10® kg/ 

(m^s) of water [Hemilia et al. 1999]. Therefore, the acoustic signal must be ampli- 
fied. The impedance difference is unexpected since the cochlea is filled with water. 
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However, the fluid in the cochlea is contained by the oval window, which has air on 
the outside for terrestrial animals and soft foam for aquatic animals. 

The receiving element of the aquatic mammal ear is the tympanic plate, see 
Fig. 9.16, a thin bony membrane made from high density bone material p = 
2.7 g/cm^. For terrestrial mammals the malleus has densities of only p = 2.2 g/cm^. 
The tympanic plate has a typical area = 350 mm^. It pivots about the heavy end 
and is connected to the malleus. Through the rotation about the pivot the ampli- 
tude of the vibration increases with distance r from the pivot axis. Further ampli- 
fication of the amplitude is achieved by the lever system of the malleus. 

Acoustical signals can only be detected if the receiving element vibrates rela- 
tive to the entire ear structure. Since the aquatic mammal is submerged in water 
the sound shakes the whole animal. Therefore, the inner ear is acoustically sepa- 
rated. It is housed in a bony structure of heavy mass (tympano petromastoids) 
that sits in a foam filled cavity. An elastic link connects the inner ear to the animal 
body. This structure acts somewhat like a seismograph. The inertia of the heavy 
mass keeps the ear from following the acoustic vibrations of the water. Acoustic 
signals are carried in through the auditory channel, a narrow tube, which acts as a 
wave-guide. Due to the elastic mount of the inner ear even low frequency oscilla- 
tions of the whole animal are not transmitted to the ear and the brain. 



9.3.5 Lateral Lines of Fish 

The lateral line of a fish is a row of small holes running along the length of the 
body. Hair cells located behind the holes respond to pressure vibrations in the sur- 
rounding water. A pressure wave that arrives from the front will activate first the 
frontal elements of the lateral line. Pressures from the left will be perceived pre- 
dominantly by the left side, similar to the responses of human ears. 

When a fish moves, it generates motion (boundary layer flow, jets, and eddies) 
in the adjacent water. Such movement causes low-pressure sound wave signals 
that can be picked up by the lateral lines of nearby fish to adjust their own motion. 
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Such low frequency sound wave communication would then explain the choreo- 
graphed motion of schools of little fish who twist and turn and never touch their 
nearest neighbor: presumably the lateral lines constantly interpret the local pres- 
sure field to instantly know where the school mates are. 

It is therefore quite likely that the lateral lines have the same functions for the 
fish as ears have for mammals. Stretched out over the whole length of the body, 
lateral lines would achieve a similar resolution in the aqueous medium (where 
sound propagates about 5 times as fast as in air) as the ears of land animals, which 
are separated only by the width of the body. 



9.3.6 The Sensitivity of Ears 

The basic sensors in the ear of humans are the stereocilia, fine fibers, which are 
bent by the action of sound waves in the cochlea. At the threshold of sound per- 
ception they are displaced by about 0.003pm. The maximum displacement is 
about 0.1 pm. 

The intensity range of the human ear. Fig. 9.17, stretches over about 12 orders of 
magnitude. At the threshold of hearing, 0 dB for a frequency of 1000 Hz 

the air molecules in the sound wave oscillate with the minute displacement of 
= 10“^^ m. This oscillation amplitude of about 1/10 of the diameter of an atom, is 
just above the Brownian noise of the air molecules, so that the ear is not affected 
by the ambivalent thermal noise. 

The upper intensity limit is the threshold of pain at ~ 120 dB. This intensi- 

ty (equivalent to 1 W/m^) is quite small compared to the radiation intensity of the 
sun of 1-3 kW/m^. The sensitivity of the human ear depends on the frequen- 
cy. The audible frequency range of the human ear stretches from about 30 Hz to 
15 kHz. Whales can perceive much higher frequencies. 




Fig. 9.17. Hearing frequency range of humans and whales 
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Could one literary hear the grass grow? Note that the intensity does not depend 
on the frequency, but only on the particle speed. Grass can grow at a speed 
Ug = 1 cm/day = o.oi m/io^ s , or = lo”^ m/s. From ( 8.7 ) one has: 



Uo =a>s„ 




(9.26) 



If the air molecules in a sound wave oscillate with the speed u^, the sound wave 
has the intensity I = (439/2) • 2.2 • io“^^ W/m^. This intensity corresponds 

to 3.4 dB. Such low intensities could be just barely perceived. Expressed different- 
ly if the tips of the blades of grass where to push against the tips of the stereo cil- 
ia for 1/10 of a second they would have grown by io“®m. This is well above the 
noise detection threshold of 3 • io“® m of the stereo cilia. 

Example: Suppose you hear a faint noise of a quiet conversation in a room with little 
background noise, say a sound level of 38 dB, and you listen to it for 12 s. How much 
energy has your ear received? 

j8 = 38 = 10 log(/[W]/io"'^[W/m^]), //io“'^ W = io 3 ® = 6.31 • lO^W/mh or /=6.3i- 
lO’SW/m^.With a typical pinna area of A = 0.005 rn^ each ear will intercept the pow- 
er P= 7 A = 0.005 m^- 6.31 ■ 10“^ W/m^ = 3.i6 • 10"“ W. If the conversation lasts for 12 s 
each ear has intercepted the energy £ = 12 s • 3.16 ■ io“” J/s = 3.8 • io~“ J. Not much! In- 
formation is energy-cheap. 



9.4 Voices and Sound Production 

There are many ways to produce acoustic signals, and it does not take much ener- 
gy to actively produce sound. With ears ready to listen, and voices able to produce 
signals, the stage is set for the active use of sound: (i) as language for communica- 
tion with members of the own species, or as warning for would be predators, and 
(ii) as sonar beams for scanning the environment in situations where light fails. 

Sound is always produced when things move. Air, water, or solid volume ele- 
ments are in oscillatory motion when a sound wave propagates through these me- 
dia. This motion starts at an oscillator, and is generally amplified by the voice sys- 
tem. The sound is then focused, or spread out by another part of the vocal tract, 
acting as the speaker surface, see Fig. 9.12. 

Pure tones require a fairly regular motion. There are three principal methods 
to generate regular motion. (1) Elastic solids, like strings or leaf springs, and vocal 
cords, may vibrate in simple harmonic motion. (2) Air columns in flutes, or mouth 
cavities can oscillate like standing waves. (3) Air streams that rush through narrow 
elastic passages produce interrupted flow due to the Bernoulli effect, coupled with 
vortex shedding. Examples are wind rushing through Venetian blinds near an 
open window, and breath squeezing through the vocal cords. All these methods 
are used by animals in the multitude of sound-producing organs. 
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9.4.1 How Sound Is Shed off a Sender 

Any object that moves rapidly in air or in water will make some noise. Such ob- 
jects may be the vocal cords that flutter in the air expelled by the lungs. They could 
be the wing tips of a Canada goose swooshing overhead. They could be the ridges 
on the legs of a beetle, issuing sound when stroked, or they could be branches 
breaking under the foot of a deer that ambles through the forest. 

To understand how sound waves are initiated consider the membrane of a 
speaker, which produces the tone A with the frequency /^= 440 Hz, corresponding 
to the period T^= i/^= (1/440) s = 2.72 ms. The membrane vibrates in simple har- 
monic motion. The air molecules nearby follow this motion, and they in turn push 
other air molecules that are farther away. Thereby vibrational motion spreads out 
over all the space into which the sound wave penetrates. In fact this vibration of 
the air is the sound wave. The position of the membrane can be given as 

s = s^sin{27t-440f} = SQsin{a»^f} , (9.27) 

where ft)^= 27 t^= 2764 radians/s is the angular velocity of the simple harmonic 
motion. This equation also depicts the motion of a volume element adjacent to the 
membrane. Instead of describing the vibrating speaker membrane, Eq. (9.27) 
could equally well characterize the motion of other sender systems such as a wire 
section of a vibrating string in a violin, or the prong of a tuning fork. Figure 9.2 
shows the motion of a speaker membrane. Adjacent air molecules are forced to 
move in the same rhythm. They shake their neighbor molecules, in the nearby vol- 
ume element, call it V^, which then start to move with some delay in phase d^. The 
delay comes about since it takes a certain time to build up the pressure perturba- 
tions Ap that drive the sound wave. The molecules in region in turn shake their 
neighbours in the next volume element V^, which get going with an additional 
phase delay d^= iS^ compared to the speaker membrane. And so the perturbation 
spreads all over the place. The rfi^ layer of volume elements moves with the phase 
delay S^=n The volume element vibrate as 

Sj=S|jSin{ 27 t 66of-dJ . (9.28) 

The molecules in the next element with their larger phase delay S^=iS^ os- 
cillate as s^ = SjjSin{ft)f- 2 dj. Particles located at larger distances z from the source 
have still larger phase delays d(z).The phase delay increases linearly with distance 
S(z) = k^z. The proportionality constants k^= iniX is called the wave number, or 
spatial frequency of the wave. A large wave number implies a small wavelength. In 
general 

kj,Z= ( 27 t/A)z= ( 27 t//v)z. (9.29) 

The oscillatory displacement of the particles anywhere along the path of the 
wave can therefore be given as a general function. 
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s = s^sin{o)f- 5 (z)} = S|jSin{ft)f-A:j,z} . (9-3o) 

We already used this equation in Sect. 9.2.2. Note that the oscillation is in the 
propagation direction of the wave. But each particle only oscillates around a rest 
position. It never truly leaves home, while the wave train initiated by the speaker 
membrane travels through the air. The particles can oscillate because air is elastic. 
Air has a bulk modulus, which acts just like a spring constant of an elastic object. 
When the oscillation of an elastic object has begun (like the prongs of a tuning 
fork struck against a table top, or the air in a closed volume element that is sud- 
denly compressed and then released), the motion always overshoots the rest posi- 
tion s = 0 and the mass vibrates with an amplitude s^. The velocity of the particle 
is then u = dsldt= ft) cos (ft) f) with a maximum value 



u = u = cos 

max o o 



(9-31) 



One must clearly distinguish this particle velocity u of a volume element, which 
varies as function of time, from the sound wave velocity v, which is a constant val- 
ue that depends on the temperature and molecular mass of the medium. If a vol- 
ume of air is stretched or compressed by the distance s it has elastic potential en- 
ergy PE = ^kks^, where kis the “elastic constant” of the air volume. In addition, the 
oscillating volume has kinetic energy KE = where is the mass of the 

volume. The total energy of the particle is E=KE+PE. It turns out that E is exactly 
equal to the maximum kinetic energy 



E = y2m^u^=y2m^{cosJ^. (9.32) 

Once one recognizes how sound waves agitate volume elements of elastic me- 
dia and induce local motion it becomes clear that power is transmitted by sound. 
The transmitted power can be visualized as the kinetic energy passed on from vol- 
ume element to volume element as the sound wave travels through the elastic 
medium. In summary, sound will propagate once a sender with some regular mo- 
tion sets the surrounding air into vibration. 



9.4.2 Resonators 

The heart of any voice is a type of resonator that produces regular motion. Regu- 
lar motion can be generated with vibrating elastic solids, vibrating air columns, or 
periodically interrupted air streams. Muscles pump energy into the sound pro- 
ducing oscillator. For most effective energy use the muscles are activated at the 
resonance frequency /j. of the oscillator. Occasionally the muscle frequency is gov- 
erned by an escapement type mechanism. 

All elastic solids that may vibrate have a characteristic mass m and a restoring 
force E that increases when the system is displaced from its rest position by some 
distance s. For small displacements the force increases linearly 
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F = -ks. 



( 9 - 33 ) 



The minus sign indicates that the force acts against the direction of the dis- 
placement. Such resonators oscillate in simple harmonic motion (SHM) at a fun- 
damental frequency /and a period T which are related to the spring constant k 
and the mass m: 



This square root structure is common to all resonance frequency formulas. To 
achieve resonance the driving force must be applied with the frequency /j = W/|, 
where N is an integer. In most cases N is equal to i. There are exceptions. For in- 
stance the wing beat frequency of bees and wasps is in resonance with their tho- 
rax oscillations, however the driving muscle compresses the thorax only about 
every lo**’ cycle. The motion persists similar as a swing keeps going even if it re- 
ceives a push only every tenth oscillation. 

9.4.3 Oscillations of Elastic Solids 

An example of a vibrating elastic solid is a mass m attached to a spring with the 
spring constant k. The system will oscillate at the frequency given by (9.34), name- 
ly /^= ViTt /(k/m). The spring constant k can be measured by scompressing the 
spring with a weight mg and measuring the distance Ax by which the spring is 
compressed; k = mg! Ax. 

Any solid of cross section area A and length L with a Young’s modulus Y can act 
as a spring. A vocal cord of length L and cross section area A might be modeled as 
such an oscillating cylindrical member. If the force F is applied the elastic mem- 
ber will stretch by some distance AL. Y is defined through the relation (TM) = 
Y(AL/L); or F={YAIL) AL by comparison with (9.33) one finds the spring constant 



A spring, or a stretched ligament oscillates in longitudinal direction. Elastic 
solids can also be made to vibrate in transverse direction. Leaf springs act in this 
fashion. Fig. 9.18 a. The prongs of a tuning fork or the tongues of a harmonica vi- 
brate like leaf springs. As their vibrations are transmitted to the surrounding air, a 
tone is generated. Since the air is set into motion the vibrating member loses en- 
ergy and the oscillation is damped. A damped harmonic motion leads to a broad- 
ened resonance curve, see Sect. 6.1.2. 

The vocal cords may be modeled as vibrating springs. Note that the frequency 
in (9.34) gets lower when the mass is increased. The pitch of the voice gets lower if 
one has a cold: the vocal cords swell up or are covered with mucus, which increas- 
es the vibrating mass. Heavy smoking has a similar effect, see Sect. 9.5.2. 




( 9 - 34 ) 




( 9 - 35 ) 
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ist overtone 



fundamental, n = 1 
|x = mass/m 



Fig. 9.18. (a) Mass on leaf spring, (b) String oscillating with overtones. The fundamental is 
also called the first harmonic. The first overtone is the second harmonic 



The strings of musical instruments, Fig. 9.18, vibrate in the transverse direc- 
tion. A string with the mass density /t (mass/unit length) is stretched by a tension 
force T. If the string is plugged in the middle it will oscillate at the fundamental 
frequency / q. 



It is easy to measure the mass per unit length p. Cut a section of string, 1 meter 
long and measure its mass (weight). When the tension on the string is increased, 
the frequency goes up. This is done, for instance, when one tunes a guitar. The low 
tones on a piano are made by very heavy strings. Often these strings are com- 
pound structures: a heavy brass wire wrapped around a steel wire. The steel wire 
core gives the tensile strength and the wrapping increases the mass per unit 
length. 

For the fundamental frequency (first harmonic) one sets n = 1 in Eq. (9.36), for 
the second harmonic one sets n = 2, for the third harmonic one sets n = 3, and so 
forth. 

9.4.4 Oscillations of Air Volumes 

Sound is transferred by air. The generators described in Sect. 9.4.3 must be con- 
nected to amplifiers and speaker membranes in order to fill the air nearby with 
sound. A more effective way to move the air molecules is to generate the sound di- 
rectly in the air. This can be accomplished in various ways. 

Air is quite elastic. Not only solids, but any elastic medium can vibrate and pro- 
duce sound waves. A piston of mass m riding (without sliding friction) on an air 
cylinder will vibrate in simple harmonic motion. Fig. 9.19. The oscillating mass is 
m and the effective spring constant are (ypAIL). Hence the oscillation has 
the frequency 




(9-36) 




( 9 - 37 ) 
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(a) 



(b) 



(c) 




n = 1 



n = 2 n = 3 



n = 2 



n = 3 







closed 



open 



Fig. 9 . 19 . Systems with oscillating air masses, (a) The mass m vibrates on an air cushion, 
(b) Helmholtz resonator, (c) Open and closed organ pipes with harmonics 



The speed of sound v = {/(p/p)}'^^ in a gas depends on pressurep, density p, and 
the adiabatic coefficient 7=(/f + 2)//^, which in turn is related to the degrees of 
freedom of the gas. Air with its diatomic molecules has /j = 5 so that 1.4. 
Noble gases like helium have f^= 3, hence 7yg= 5/3. 

A variation of an air spring is the Helmholtz resonator, which serves well as a 
model for the frog’s voice. In the Helmholtz resonator the mass m riding on the air 
cushion is not a solid at all, but a plug of air, as shown in Fig. 9.19b. The big vessel 
of volume V has a neck of length I and cross section A. The air in the neck behaves 
like a resonator mass m = p A Z, which oscillates with small amplitude s^ in the ver- 
tical direction. The air in the volume acts as the spring with a spring constant that 
is derived next. 

For fast changes of pressure p and volume V the air is compressed and expand- 
ed so fast that no heat is exchanged. It is an adiabatic process. Hence the adiabatic 
pressure-volume relation applies: 

Pi ■ = Pi ■ ^1 = const . (9.38) 

Take the logarithm of (9.38) and differentiate: dp/p4-7(dWV) = 0, thus dp = 
-7p(d W V). When the mass m is moved up by the distance ds, the gas in the bot- 
tle increases its volume by dV = A ds. The force exerted onto the mass m is 

Jr. . J < dV , Ads 7pA^ J , 

dF = Adp = Ap7 = -Apy = -^ — ds. (9-39) 

V V V 

The force dF is linearly proportional to the displacement ds. The negative sign 
indicates a restoring force. The gas in the bottle acts like a spring, which pushes 
the mass m = p^^^Al back and forth, producing simple harmonic motion (SHM) 
with the angular velocity ft). The factor in front of ds is the Helmholtz spring con- 
stant kjj=A^yp/V=A^pvVV. For SHM one has 
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tU = 27l/o 




(940) 



The term yp can be replaced by p v^, since the sound speed in air is v^= yp/p. 
Thus the frequency of the Helmholtz resonator is 



1 I ApA _ V I~a' 

2 nvp^i^lV 2 TZ\lV 



(941) 



Voices of humans and many animals get some of their characteristic features 
from standing waves in air columns of the vocal tract. Flutes, organ pipes and 
open bottles serve as illustrations. For instance, a standing wave can be excited in 
a bottle (or cylinder with one end closed) if a tone is produced at the open end. 
This can be done by striking a tuning fork. One will hear a loud tone, if the length 
is right, namely the oscillation must have a node at the bottom and an antinode at 
the open end. Hence L = A/4 or A= 4L respectively. Resonance is obtained if the 
frequency satisfies the condition /= v/A= v/qL. 

Actually a whole sequence of different frequencies called overtones can be ex- 
cited, where the vibrations have nodes at the closed end and antinodes at the open 
end, namely L = V4 A^= V4 X= 5/4 A^. The resonance conditions are 



n-v 

Jn = — . (942) 

4L 

where the mode number n is an odd integer number (1, 3, 5, ...). These frequencies 
are called the “harmonics”, or “overtones” of closed organ pipes. 

Distinctive frequencies can also be generated by blowing into an open pipe. 
The fundamental frequency f^^ of the open organ pipe has L = A/2, or A= 2L, then 
/q= V/2L. The first overtone has the wavelength X=L, hence /^=v/L, and the next 
overtone has L = 3 XJ2, or A^= 2L/3, so that the frequency is/^= 3V/2L. 

Most sound generators, including the human voice, can produce fundamentals 
and overtones. The intensity of the overtones depends on the excitation. For in- 
stance, if a recorder is blown softly the overtones are hardly noticeable. However, 
if it is blown hard the overtones become quite pronounced. 



9.4.5 Frequencies of Periodically Interrupted Motion 

Distinct frequencies can also be generated by interrupting a steady motion, for ex- 
ample by pulling a solid object at speed v over a set of ridges spaced at equal dis- 
tance Ax. Think of a pencil pulled over a heater grill, or a finger nail dragged over 
the prongs of a comb. Fig. 9.20a. The frequency is 



/= v/Ax . 



(943) 
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Fig. 9.20. (a) Constant speed and periodic structures, (b) Fluttering of elastic membrane in 
a steady flow of air. (c) Vortex shedding behind a structure 



Periodic motion with sound emission can also be produced by interrupting an 
airflow. A simple experiment illustrates this effect. Place a strip of paper onto a flat 
surface and hold it down at both ends. Then blow onto the edge as shown in 
Fig. 9.20b. The paper strip soon opens up in the front to form a converging chan- 
nel in which the air speed must increase in x-direction. Now the pressure decreas- 
es due to the Bernoulli effect, see Sect. 3.4.1 Since the pressure in the ambient air 
above the paper is not affected a difference Ap develops between the pressure in 
the channel and on the outside. This excess pressure closes the gap. The airflow is 
interrupted. The process repeats itself, again and again. The frequency is high 
when the mass of the strip is small and the tension stretching the string is high. A 
similar fluttering of an elastic membrane is obtained when blowing onto a grass 
blade that is squeezed between the thumbs of both hands, thereby generating a 
high pitched sound. The human voice, originating from the vocal cords, gets its vi- 
bration from a similar periodic processes. The vocal cords of a male open and 
close typically 120 times per second. 

Periodic vibrations in fluids can also be produced by vortex shedding, see 
Sect. 3.4.3. A cylindrical rod of diameter D imbedded into an air stream of veloci- 
ty V sheds vortices at the frequency 

/=St-f 7 /D, (9.44) 



where St = 0.2 is the Strouhal number. 

Example: Consider an object of the dimensions of the vocal cords D = 2 mm placed 
into an air stream of [/= r m/s. The vortex shedding frequency is then/= 0.2 (1 m/s/ 
0.002 m) = roo Hz. This frequency is typical of a low tone produced by the human 
voice. Therefore, it is likely that vortex shedding plays a role in voice production. 
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Voices serve animals for communication, to issue warnings, and to give instruc- 
tions. Voices may express moods, intentions, and social status. Voices work day 
and night. Beamed voices of high intensity can also be utilized to stun prey, and to 
illuminate objects for producing acoustic images. This is called sonar. Most ani- 
mal voices are activated by the breathing apparatus. However, some animals such 
as grasshoppers and snapping shrimp use legs or other extremities to generate 
rapid repetitive motion to produce sound, or noise. 



9.5.1 The Human Voice 

The human voice is produced by several parts of the body, which are all compo- 
nents of the breathing apparatus: The lungs, the vocal cords, the mouth and nasal 
passages. 

The volume between lips and vocal cords can be divided into two sections of 
length and Each one of these characteristic lengths has its fundamental 
open pipe frequency band, called formant, at which any tone - however it may be 
generated - may resonate and hence have an increased amplitude. The mouth cav- 
ity with L^~ii cm produces the second formant. The wind pipe section above the 
glottis with L^~S -7 cm produces the formant. Both together generate the first 
formant. L^ + cm, with the wavelength X^ = 4(L^+ = 0.68 m. The sound 

of the first formant is centered about the frequency /j = 340 ms“Vo.o68 m = 
500 Hz. Since the walls of the oral cavity are soft and irregular the resonances are 
not sharp, but rather broad bands, called filter function. The filter function modi- 




Fig. 9 . 21 . (a) Cross section of human head, (b) Air puffs generated by the glottis, (c) Cross 
section of larynx with glottis opening area A^j = d-h.{d) Time sequence of volume flow (p, 
and air puffs AV 
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function, (c) Resulting acoustical output 

fies the spectrum of overtones of f^. The spectrum of overtones, filter function, 
and the resulting sound output, are shown in Fig. 9.22. The oral geometry of hu- 
mans differs significantly from the mouth of our closest relative, the chimpanzee, 
who has a straight throat. 

The filter function depends on the geometrical dimensions of the throat, the 
mouth and the nasal cavities, as well as on the position of lips and teeth. During 
speech and singing these geometrical dimensions are continuously altered, there- 
by changing the filter function, and hence the frequency spectrum of the pro- 
duced sound. Opera singers are oral cavity acrobats. 

The lungs produce a flow of air. The air stream is shopped by the vocal cords 
into sequential pulses. A male voice has typically 125 pulses per second. A fe- 
male voice has about = 250 pulses per second. The human voice contains/^j and 
its numerous harmonics [Sataloff 1992]. 

Example: A 70 kg male inhales a minimum of about (p^ = 37 cm 3 air/s, (see Sect. 4.3.3) 
to maintain his metabolism. Generally the oxygen is not fully extracted so that the 
average volume flow is larger, say (p ~ too cm^/s. This volume flow scales with body 
mass M as (p = ioo{Mljo kg)’'-tcm 3 /s. The flow must be equivalent to (p = 
where AV = (p/f„^ = 100/125 = 0-8 cm^ is the volume of each air puff. If these air puffs 
have a duration of 3 ms. The volume flow rate during these puffs is much higher than 
(p, namely (p^ = 0.8 cm3/o.oo3 s = 270 cm^/s = A^jU. The puff speed (p^ is the product 
of average speed u and glottis opening area A^j. 

Typical dimensions of the average glottis opening are h~2 cm and d ~ 0.3 cm, 
yielding the glottis area Agj=o.6 cm^. Hence during speech the air escapes with the 
average speed u = (p^/A 1 = 4.4 m/s. At this speed the air puffs in a male voice of 
/= 125 Hz are separated by the distance X^=ulf=440 cms“Vi25 s“^= 3.6 cm. 

When air flows at sufficiently high speed around obstacles of width D (so that 
the Reynolds number Re= UD/v exceeds a value of 50) vortices are produced. If 
D~ 6 mm is the width of the vocal cords, the Reynolds number is Re = 4.4 • 
0.006/1.5 • io“5 = 1800, well above the onset of vortex shedding. The vortex shed- 
ding frequency off cylinders of width D St 17/D. Typically the Strouhal num- 
ber is St =0.2. Vortices of the same sense of rotation are separated by the distance 
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Fig. 9.23. Formants for a person with L = 0.17 m 
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Fig. 9.24. Frequency spectrum of various d-sounds 



time 



Ay=D/St = 5D. In the approximation that the vortex shedding through the vocal 
cords is similar to the shedding from a cylinder of the same diameter, these vor- 
tices would be separated by the distance = 5 D = 3 cm. This distance is close to 
the puff pulse separation A. = 3.6 cm calculated above: the opening and closing of 
the vocal cords appears to be in resonance with vortex shedding. 

Language consists of groups of vowels and consonants, either pronounced 
quickly or drawn out in time. Vowels have different pitches. This is illustrated in 
Fig. 9.24 by the frequency spectrum of various d-sounds. 

Exercise: The oral cavity of a child measured from the vocal cords to the lips has a 
length L = 8 cm. Treat this volume as an organ pipe closed at one end and find the 
fundamental frequency^, namely V/4L = 430 ms"V(4 • 0.08 m) = 1063 Hz. 



9.5.2 The Frequency Spectrum of Speech 

The pitch of voices depends on the shape of the oral cavity which moulds itself to 
facilitate the music of language. Different nationalities have distinctive different 
speech spectra. Figure 9.25 shows the frequency distribution in some European 
languages. As different human races are distinguished by their external body fea- 
tures, different accents are due to specific oral cavity features. 
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Fig. 9.25. Frequency spectra of European languages, data after Tomatis [1987] 
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Fig. 9.26. Highest and lowest pitch of voice of a group of ten smokers, and ten non smok- 
ers, measured hy comparison with a piano [Leung 1999] 



The pitch of the human voice not only depends on the dimensions of the voice 
box but also on the state of the tissue, which in turn can be influenced by habits. 
In a class project Vivian Leung [1999] investigated if smokers have on average a 
different pitch of voice than non smokers. A group of ten non-smokers had the av- 
erage low frequency 97.1 ± 7.0 Hz and/j^j^j^ 450 ± 29.1 Hz. In contrast, 
a group of 10 smokers had the values 95.2 ± 8.3 Hz, and 406 

± 30.5 Hz. The difference of the average low notes falls within the standard devia- 




Fig. 9.27. Fourier transform of the sentence “I love you”, intensity as function of frequency 
and time. Signal slices are taken at about too ms intervals 
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tions of the means; however, the average high notes differ by more than one stan- 
dard deviation of the means. These data suggest that smokers on average have 
deeper voices than non smokers, probably because the vocal cords are always 
slightly swollen, and inflamed and therefore more massive than the vocal cords of 
non smokers. 

Sound received by the ears is the superposition of all frequencies that are con- 
tained in the sound. If the sound is recorded with a microphone, the signal maybe 
analyzed with a fast Fourier analyzer and converted into a frequency-time his- 
togram. Figure 9.27 shows a human voice, namely the spoken sentence I love you. 
Time runs from back to front. Fourier slices are taken at time intervals of about 
100 ms. 



9.5.3 The Sound of Frogs 

Frogs communicate by voice. If different species live in close quarters they must 
find ways to communicate without inter-species interference. Somehow they have 
managed to occupy different sections of the sound spectrum, similar as amplitude 
modulated (AM) stations on the radio dial. Figure 9.28 shows this spectrum divi- 
sion for 8 species of frogs in a Puerto Rico rain forest, as reported by Narins [1995] . 
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Fig. 9.28. Frogs share the air waves by dividing the frequency spectrum, data after Narins 

[1995] 



9.5.4 The Sound of Snapping Shrimp: Cavitation 

The small shrimps Alpheus heterochaelis, called the snapping shrimp, make sharp 
and very loud noises with their large claw. Fast video camera images, taken by Ver- 
sluis et al [2000], have revealed that the shrimp produce a water jet of u~2& m/s, 
by shutting their large claw. At this velocity the pressure in the flow is reduced so 
much by the Bernoulli effect (p -1- 0.5 pu^= const, see Sect. 3.4.1) that the pressure 
in the flow falls below the vapor pressure of water, and micro bubbles form. Sub- 
sequently the bubbles collapse emitting noise up to 210 dB re 1 pPa, which stuns 
prey or predators. The collapse of bubbles in fast flows is known as cavitation. En- 
gineers try to avoid this effect, because it causes damage of propeller blades and 
walls by pitting. 
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Note that sound levels in water are generally reported with the reference sound 
pressure = 1 pPa, whereas sound levels in air are referenced to the base intensi- 
ty = 10“^^ W/m^. The decibel values in water quoted for the reference value 1 pPa 
are larger by 64.8 dB than the sound level values referenced to The conversion 
between these two reference schemes is described in Sect. 9.23, and Table 9.2. The 
shrimp noise therefore corresponds to 210 - 64.8 = 145.2 dB re I^= 10“'^ W/m^. This 
represents, the astonishing intensity 7=10^4-5.7^-200 W/m^, which is like the 
sound of a rifle shot fired off close by. 



9.5.5 Insect Sounds 

Many insects produce sounds by moving their wings or legs. Particularly loud 
sounds are made by mole crickets. [Young and Bennet-Clark 1995 and 1998]. These 
animals actually burrow into the ground and sculpture the entrance of their cave 
like the horn of a trumpet, to emit the sound at their chosen frequency/= 2.5 kHz 
effectively in all directions. See also problem P 9.8. Some insects that are preyed 
upon by bats have developed the ability to emit ultrasound to confuse the sonar of 
the bats [Boeder 1965]. 



9.5.6 Sperm Whale Sound 

Sperm whales are known to generate sound pulses of very high intensity. Levels of 
up to 215 dB re 1 pPa have been reported. This converts into a sound intensity of 
215-64.8 dB = i50 dB re 7 ^, corresponding to 7 =ikW/m^, an intensity like the 
sound of a jet plane at takeoff. Sperm whales have a massive organ dedicated to 
sound production in front of their skull bones. They breathe through one nasal 
passage. A constriction in the other nasal passage is converted into a sound gen- 
erator, with two lips in a clapper made to flutter when air is sloshed between two 
air volumes on either side of the clapper. The massive sound organ has a weight of 
several tons - representing 1/10 of the whales total body mass. It is filled with sper- 
matic oil of very special acoustical properties [Clark 1978] and junk tissue of 
slightly lower impedance that is organized into cells reminding of lenses. This 
sound production system is likely a combined lens - amplifier organ, whose exact 
operation is presently still unknown. 



9.6 Information Extracted from Ambient Sound 

Passive sound, namely noise emitted by inanimate objects, or sound produced in- 
voluntarily by animals contains many different sets of information. 

First there is the objective, physical information: (i) distance of sound source, 
(ii) its direction in space, (iii) is the source coming or going? Then there is the bi- 
ological content of the information: is the “speaker” the teaching mother, or a po- 
tential meal, a mate, or a menace? Last but not least there is the social content of 
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the information such as: does the speaker belong to your social group? Is the mes- 
sage urgent for the listener or the speaker? What is the mood of the speaker? Is 
there a message of social hierarchy in the voice? 

Physical principles help to decode the physical and social content of the 
acoustic information. 



9.6.1 Direction, Echoes, and Shadows 

An organism reckognizes its environment if it knows where everything is. Percep- 
tion is enabled by signals that maybe encoded in light or sound waves. Many ob- 
jects emit their own sound, some respond with sound if there is a wind. Their dis- 
tance can be judged by the intensity of received sound. Their left-right position, 
angle 0, can be judged relative to the position of the head by the delay times be- 
tween the signals received by the left and the right ear. Fig. 9.29. By inclining the 
head one can also perceive the elevation of the signals. 



half shadow 




Fig. 9.29. Detectable and undetectable objects 



Sound is reflected from objects. Sound can also be obstructed by objects, which 
cast shadows. Lateral motion of the head may reveal sources hidden behind obsta- 
cles. 

Similar to light, sound may be diffracted around obstacles (provided the wave- 
length is smaller than the object width d) so that some sound energy gets into the 
shadow regime behind the object. This “bending” of the sound beams can be ob- 
serve with a simple experiment. Close your left ear with the right forefinger. Now 
extend the left arm fully and rub thumb and forefinger of your left hand: you will 
hear the high pitched rubbing sound from your left hand in your right ear: The 
sound is diffracted around the head. Now bring the left hand close to the left ear 
and rub the fingers again: you hear nothing, because the angle through which the 
sound waves would have to be bent to reach the right ear is too large. 
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9.6.2 Signal Spectrum Recognition - Who Is There? 

Individual voices differ considerably, and ears and brains are well adjusted to rec- 
ognize a speaker on the telephone, although one does not see the caller. In addi- 
tion to these personal traits the voices of people who speak different languages 
vary in their frequency components. This fact must lead to slight modifications of 
elements of the vocal tracts that are learned at an early age. For instance Italian 
has more high frequency sounds in the language, with the result that Italian is well 
suited to the voices of sopranos. Average frequency distributions of English, 
French, German, Italian, and Spanish are shown in Fig. 9.26. 



9.6.3 Distance and Directions of Sound Sources 

Listening with two ears can provide information about distance and direction of 
noisy objects, [Konishi 1993]. Since the ears are separated by the head diameter d, 
sound signals from a distant source located in the direction (f) arrives first at one 
ear, say the right ear with some intensity and then reaches the left ear with 
some intensity Ij{t) after a delay time Af = As/v, giving a clue about the direction 
(f) of the object from the delay distance 

As = vAf. (944) 

The extra path length is As = d sin (f) can be read from the geometry shown in 
Fig. 9.30. Knowledge of the delay time Af yields the angle 

sin0= (v/d) Af . (945) 

We will describe shortly how the brain may measure the delay time. The two 
sound signals carry two other bits of information, which yield information about 
the distance of the source: Their absolute intensities and and the relative dif- 
ference Let Sj^ and s^= As be the distances from the sound 

source to the right and the left ear respectively, and the intensity of the source at 
some distance then these intensities are I^= loisjs^y, iLud I^ = I^{s^ / {s^ + AsY, 
so that AI={I^~ 1 ^) ~ fj^/(2 As/Sjj + As^/Sj^) ~ iI^As/s^, yielding 




Fig. 9.30. Path differences for waves reaching ears with a delay time Af 
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AI As 



(946) 




This intensity information can be used to extract the distance Sj^. For remote 
objects where d « Sj^, s^ both intensities are practically the same. If the listener 
can “measure” the absolute intensity/^ at some reference distance s^ the unknown 
distance Sj^ can be found from the inverse square law Sj^= The brain 

would do this evaluation automatically by comparing the detected intensity with 
some “learned" intensity stored in memory. When a sound source is located near- 
by, the intensities detected by the left and the right ear will differ markedly so that 
the ears can detect AJ/IR. Then the distance s^. can be evaluated from (9.44) and 
(9.49), namely 



In this case the distance is derived from a delay time measurement and the sig- 
nal intensities only, and no absolute reference intensity must be known. 

The delay time Af is generally quite short. For an angle of 0 = 30°, d = 0.20 m, 
and V = 340 m/s in air one finds Af = 0.29 ms. This is much shorter than the fastest 
muscle motion of typically 100 ms. For smaller angles the time interval gets small- 
er, and if one considers animals with smaller heads, the “stopwatch in the brain” 
must measure time intervals down to less than 100 psec [Hartmann 99]. 

A blind-folded person can determine the direction of a sound source to an ac- 
curacy of A0 = ± 5°. This feat is accomplished by neurons that fire in coincidence. 
The delay of the acoustic wave Af = As • v is compensated by a nerve pulse delay 
At^= Ax • u inside the brain. This delay comes about if the nerve pulse propagat- 
ing at the nerve conduction speed u is forced to travel an extra distance Ax, see 
Fig. 9.31. 




(947) 




Fig. 9.31. Delay lines with neurons firing only in coincidence 
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Aquatic mammals, like seals, that mainly live near the surface of the water 
sometimes use the different travel times Af of sound in air and in water to guess 
distances of objects at the water surface. For instance a seal mother can tell at 
which distance s her baby cries, by listening simultaneously above and below the 
water surface. In air the travel of the sound is t^ = s/v^. Under water the sound ar- 
rives within t^= s/v^. Therefore there is a delay time between both signals Af = 
t^= s/{i/Vg- i/v^}. This relation can be solved for s yielding 

s = Af-^^^ = CAf . (9.48) 

The proportionality constant C=v^v^l{v^-v^) can be learned by experience, 
but the delay time must be precisely measured. 



9.6.4 Delay Time Measurements 

Two different time-delay schemes have been proposed. In Fig. 9.31a the source is 
located symmetrically in front of the head. From the ears the pulses travel to 
nodes, which act as relay stations RL and RR, and connect to a row of neurons, 
each dedicated to a certain direction. These neurons fire only if they receive puls- 
es simultaneously from RR and RL. 

The nerves connecting the neurons from RL have all the same length, so that 
RL stimulates the neurons at the same time. However, the nerves leading from RR 
to the neurons have different lengths. The path to neuron 1 is the longest, to neu- 
ron 5 is the shortest. The path to neuron 3 has the same length as the RL connec- 
tions, hence Af^ = 0. This particular neuron fires when a sound signal reaches both 
ears at the same time, namely when the sound source is right in front of or behind 
the head. Neuron 4 fires at the delay time At^ = Axlu, see Fig 9.31b. Neuron 5 would 
fire if the delay time was Af = 2 Ax/u. 

Alternately, direction hearing can be explained as a learned skill. At birth all of 
the neurons in a detector chain are connected to both ears by two sets of nerve 
bundles, both bundles having nerves of many different lengths. Fig. 9.31 c. Young 
owls train their directional hearing when they look at a noise making object locat- 
ed in a particular direction. The ears will send signals through the many channels 
from both nerve bundles, which will all arrive with different time delays, as if 
there were many noise-making objects located in many different positions. One 
particular set of two nerves from the two bundles will likely place the object in the 
direction where the eyes see it, and this is the correct set. In Fig. 9.31 c such nerve 
pairs are drawn with heavy lines for all neurons. In particular, neuron number 
4 fires for the delay time Af associated with the extra distance As, similar as in the 
scheme Fig. 9.31b. Training implies that only the correct set of nerves for this di- 
rection will be kept in the body, all the other nerves from the two bundles are left 
to wither and gradually disappear in the body. With such delay lines and coinci- 
dence counters, animals can achieve an astonishingly fine acoustical directional 
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Fig. 9.32. Acoustic field of view of the barn owl. The time delay At of 42 |is corresponds to 
a horizontal angular resolution of 20°. Intensity ratios of A /3 = 10 logl/^/Fn) = 4 dB corre- 
spond to an azimuthal resolution of 20° 



discrimination. Humans can determine the direction from which a sound comes 
to within 5°, while dolphins are reported to achieve resolutions of ± 1°. 

The barn owl takes the acoustic resolution of locating sound sources one step 
further [Konishi 1993]. Its horizontal (left- right) discrimination comes as usual 
from the delay time between the left and the right ear. A delay time of Af = 
fj^= 42 ps corresponds to an angle of 20°. 

In addition, the barn owl achieves a vertical discrimination from intensity dif- 
ferences between both ears. The right ear is located slightly below the eye level, 
and points up, as indicated in Fig. 9.32. Sound emitted from the upper hemisphere 
appears to be louder, than sound coming from the lower hemisphere. A sound 
source, which moves down in the field of view, appears to become fainter and 
fainter. 

The left ear is located above the eye level and it points downward. A sound 
source, which moves downwards, appears to get progressively louder. The sound 
level difference 

A/ 3 =iolog^ (9.49) 

■‘L 

is a measure for the azimuthal position of a source. Aj 3 =4 dB corresponds to an 
angular increment of 20°. This resolution is quite sensitive, because Aj 3 = 10 dB 
corresponds to an intensity ratio of a factor 10. 
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9.7 Sound Images 

The soundscape of the natural surrounding is full of clues about the objects in the 
vicinity signalling opportunities, or dangers. Animals can read the sound-scape in 
various ways, either by passive observation or by the active production of sonar 
search beams, coupled with sophisticated acoustic interpretation of the back-scat- 
tered acoustic signals. Many objects emit their own sound, some respond with 
sound if there is a wind. Their distance can be judged by the intensity of the re- 
ceived sound. Their left-right position can be judged relative to the position of the 
head by the delay times between the signals received by the left and the right ears. 
By inclining the head, one can also perceive the elevation of the signals. 

However, many objects do not move. They are inaudible. Yet sound will reflect 
off them. It does not take much energy to produce sound. This is the basis of all 
sonar systems. First let us see how much energy is actually traveling in a sound 
wave. 



9.7.1 Little Energy Goes a Long Way Traveling as Information 



Animals have learned to use sound for finding their way, for detecting opportuni- 
ties and dangers, and for communication. This is quite a feat, because sound car- 
ries very little energy compared to the mechanical energies involved in motion, 
and other body functions. 

Consider the following example: The faint sound from a dripping faucet can be 
heard, when there are no noises in a room, from a distance of R = 3.0 m. Assume 
the drop of r= r.5 mm radius, and mass m = (47t/3)p = r.4 • ro “5 kg, falls from the 
height of 0.4 m. It acquires the energy: mgh = 1.4- io~^ kg- g.8 ms“^- 

0.4 m = 5.6 • ro “5 J. A small fraction of this energy is turned into noise with the 
acoustic energy, We arbitrarily pick a very small fraction of this mechanical 
energy, say 6 • 10“"*, to find out how much sound it would produce. As- 

sume that this acoustic energy E^=6- ro“ 4 . 5.6io“5 J = 3.36 • io“* } is released dur- 
ing the time Af = o.or s as the drop splashes into a bucket in the sink. Then this 
sound has the power 



P = 




3-36 ro 
0.01 s 



= 3.36 10 ®w. 



(9-50) 



At a distance of R = 3.0 m this acoustic power generates the intensity I = 
P/47tk^= 3.36 • io“® W/(47t (3 m)^) = 2.97 • io“®W/m^, which represents a power 
level of 15 = 10 \og^^{I/io~^^) = 10 log^Q(2.9/ • io“*/io“^^) = 44.7 dB. This sound can 
very well be heard. If one takes the threshold of hearing as 4.7 dB, then a sound 
with an intensity 1/10,000, could just be perceived. For the above example this im- 
Plies-Ea/-Emech=6-10“*'- 

while the energy carried in sound is very small, the metabolic effort to produce 
it may be quite significant [Speakman et al. 1989] . A way to reduce these energetic 
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costs is to generate sound in phase (resonance) with the abdominal muscle activ- 
ities, as observed for bats by Lancaster and Speakman [200r]. 



9.7.2 Delphinid Acoustic Apparatus 

Aquatic mammals can generate a wide range of sound frequencies. Low tones be- 
low 20 Hz are used to scan the seascape to recognize islands and other large-scale 
features of the terrain. High tones are used for communication and echolocation 
of prey. The voices are matched by very sensitive ears [Hemilla et al 1999]. 

Essentially dolphins produce three distinct types of calls: echolocation clicks, 
pulsed calls, and whistles. The first are sonar calls that are used for orientation and 
to find prey in murky waters. The second are issued for communication, and the 
third convey information about the identity of the caller as well as the emotional 
state of the animal. 

The mammalian voice was developed for sound production on the land, where 
the expelled breath from the lungs carries the sound through the open mouth di- 
rectly into the air. Aquatic mammals had to modify the vocal system in several 
ways. First, they emit sound with closed mouth. Second, their sonic vibrator is in 
good acoustic contact with the surrounding water. Third, they have developed a 
sound concentrating system. Its main component is the melon, a fatty lens-shaped 
tissue segment. Fig. 9.34, which is connected to the sound source by low imped- 
ance sound channels. The sound is generated by phonic lips, thick vocal cords, 
which are in good acoustic contact with the sound concentrator [Huggenberg et 
al. 200r] . The vocal cords are excited by air that moves between vestibular air sacks 
in region (r), just below the nostrils and, and the lower regions of the windpipe, lo- 
cation (2), Fig. 9.34a. 

Sound for communication is emitted in all directions. The echo location clicks 
contain broad band noise with very short rise times, focused partly by reflection 
from the bone of the skull and partly by refraction through the lens shaped mel- 
on. Fourier analysis shows that these sounds contain energy at all frequencies but 
biased to very high frequencies. Pulsed calls resemble human vocalization, except 
that no air escapes from the animal. Whistles are narrow band calls that change 
pitch in a unique way for each animal. This personalized music score likely carries 
messages over much wider distances than the clicks and the pulsed calls. In fact 
when the oceans where not full of the background noises from human activities 
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Fig. 9.33. Pulsed calls, whistles, and clicks, used by cetaceans for communication and echo 
location 
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Fig. 9.34. (a) Path of sound generated by dolphin, and sound received through lower jaw 
bone, (b) Path of sound reaching ear of dolphin 

whales could detect the songs of their kin over distances from Hawaii to Alaska, 
provided the sound was traveling in the Sofar channel. 

Sound can reach the inner ear thought the external auditory orifice as well as 
through the jaw bone. Fig. 9.34b. In fact the tip of the jaw of bottle-nose dolphins 
has a round bulb which looks like the hand held microphone used by jazz singers. 

Blue whales use sounds of down to 5 Hz for their echolocation. Such low fre- 
quencies allow them to perceive structures down to 



This is the size of swarms of krill from which they feed. Also they can make out 
islands and undersea mountains to find their way on their migratory routes. 

9.7.3 Echo Location of Bats 

Sound, emitted by an animal, can be used for echolocation or sonar provided the 
sound is reflected off objects, and enough intensity reaches the ear of the animal. 
The emitted signal should have distinct frequencies and sharp rise or fall times. 
Sonar has some very nice features but also some shortcomings. 

Distance can be assessed from the delay time between outgoing and reflected 
signals. The size of objects can be determined from the magnitude of the reflect- 
ed signal and the object distance that was judged from the delay time. The 
Doppler shift of the reflected signal yields information about the speed of a mov- 
ing object. The shortcomings of sonar are its limited resolution Ax~A, which is de- 
termined by the wavelength X = vlfof the sound. Objects smaller than the wave- 
length of sound do not show up. In addition, sonar can be jammed by noises of 
similar frequencies. Some beetles have learned to fool bats with this ruse [Boed- 
er 1965]. 
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Fig. 9.35. (a) Outgoing signal, (b) Signal returned off a moving object nearby, (c) Signal re- 
turned off a more distant stationary object 



A suitable sonar signal is a single frequency tone followed by clicking noise, 
which is really a superposition of many different frequencies [Suga 1990], 
Fig- 9-35a. The emitted signal returns at the same /frequency and with the delay 
time A/ if it is reflected off a stationary object. 

The click is useful to determine the echo return time Af with good definition. 
The distance d to the object is 

d=vAtli. (9.52) 

When the signal is bounced off an object moving at the speed u the return sig- 
nal comes back with a shifted frequency/ = ± A/, and the delay Af. If the velocity u 
of the moving object is small compared to the speed of sound v, the frequency dif- 
ference is A/=/2u/v. It arises from the Doppler effect associated with the veloci- 
ty of a moving object, which is discussed next. 



9.7.4 How Bats Know the Speed of Their Prey 



The body of a hovering moth acts like a stationary mirror, the distance of which is 
known to the bat by the travel time of the return pulse. The carrier frequency/of 
the sound is set by the sender, namely by vocal cords of the bat, which move some- 
what like the membranes of a speaker. Sonar relies on the physical effect that 
sound is reflected off objects. Therefore, one would expect that the bat exactly 
hears the frequency /which it has initially produced. However, there are situations 
where the bat will hear a different frequency, namely if either the bat itself moves 
(towards, or away) from the reflecting object, or if the reflecting object moves. In 
either case the frequency/will be shifted by some amount A/ by a phenomenon 
known as the Doppler effect. The change of frequency is called the Doppler shift. 

Let V be the velocity of the sound wave, the velocity of the source, u^the ve- 
locity of the receiver, and / the frequency emitted by the sender. The frequency 
observed by the receiver is 



/r=/s- 



V±Wj 

v + u, ■ 



( 9 - 53 ) 
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Fig. 9 . 36 . (a) Location of object and image, (b) The wings of the moth act as moving mir- 
rors producing a Doppler shift 



The upper signs in numerator and denominator hold for mutual approach, 
namely +u^ if the receiver moves towards the source, and -u^ if the source moves 
towards the receiver. 

Doppler shifts also occur when a wave is reflected off a moving object. This 
shift is used in order to assess the speed of their prey. The moving object acts like 
a moving mirror. The mirror image, namely the sender of the sound Fig. 9.36 (the 
bat itself that emitted the source frequency^) appears to be moving at twice the 
mirror velocity 



u = 2 



(9-54) 



Of course the moth acts like a mirror in this case. Due to the motion of the 
moving mirror the reflected sound waves carry the frequency 



/r=/s- 



V±U^ 



(9-55) 



If both, the mirror velocity and the receiver velocity are small compared 

to the sound velocity v the received frequency can be given as a linear function of 
velocities. Take the first term of the fraction v/{v-(±2 Uj^)} and expand it to get 
1 ± 2 u^/v. Then take the second term of the fraction in (9.55) ± uj{v- (±2Uj^)}. 
Here we neglect the term 2 in the denominator to get the first approximation 
±u^/{v-{±2u^)}~±u^/v. Together these approximations amount to 
f^{i ±2u^lv± u^/v). In this approximation the frequency shift becomes 

A/ = /,-/s=±/s'^^^^ 



V 



(9*56) 
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(a) 

forward sound frequency 




(b) 




Fig. 9.37. (a) Frequency adjustment of bats to compensate for their own velocity after Suga 
[1990], (b) sensitivity of ears of bats 



For a stationary observer the frequency shift reduces to the simple relation 
A///= 2 Uj^/v. An insect hovering in the air with flapping wings will act like a mov- 
ing mirror that moves back and forth, approximately like a sine wave 
Um= u^^sininf^t. Then the received signal will oscillate around the carrier fre- 
quency. From the amplitude of the frequency fluctuations the bat can obtain 
clues about the size of its prey. The intensity of the reflected signal together with 
its delay time contains information about the size of the target. If the target ap- 
proaches, is positive and the returned signal has an increased frequency. 

A frequency increase could however also be the consequence of the forward 
speed Uj. of the receiver itself. To avoid confusion, bats automatically lower the 
pitch of their voice in proportion to their own (forward) flying speed. This effect 
was detected by Suga [1990] when measuring the voice frequency of a bat placed 
in a cage on a swing. Fig. 9.37 a. The animal lowered its pitch during the forward 
swing only, because in real life bats do not hunt flying backward. 

Bats use frequencies that are matched to the size of their prey. In order to be 
“seen” the wavelength must be smaller than the prey dimension. To observe a 
5 mm bug the wavelength should be A < 5 • 10“^ m, then 

Different species of bats have learned to use different frequencies. Fig. 9.37b. 
Their ears are only sensitive to their hunting frequency. For instance the horse- 
shoe bat uses/= 80 kHz. 

Example: With this information one can estimate the frequency variations observed 
by a mustached bat emitting a signal of/= 60 kHz, when acoustically seeing a locust 
which flaps its L = 5.0 cm long wings from (j) = +45° to —45° at the frequency = 

50 Hz. The maximum Doppler width Af^ of the return signal of the flapping wings is 
found as follows; At an opening angle of 45° the wing tips have an oscillation ampli- 
tude A = L sind= 0.05 ■ sin 45° = 0.036 m. Their maximum speed is u^ = Aco = 

A 27 t/= 27 t ■ 50 • 0.036 = 11.1 m/s. This corresponds to a Dopper shift Af^ =/• 2 u^/v = 
60,000 s’^- 22.2 ms’V340 ms”* = +3.9 kHz at the maximum approach velocity. Then 
the received frequency is =/+A/^= 60 kHz + 3.9 kHz = 63.9 kHz. When the 
wingtips move away from the bat the frequency will be /— = /— A/= 56.1 kHz. The 
Doppler widths of the return signal is A/p = 63.9 — 56.1 = 7.8 kHz. 



9-8 Sound, the Social Sense 359 

9.8 Sound, the Social Sense 

Sight and sound provide quite different information. Sight gives fine details of 
structures and objects, instantaneously and in parallel. Much of the pre-process- 
ing is done by the eye. Sound arrives sequentially, much of the processing is left to 
the brain. But sound reveals activities, because sound is made by things that move, 
by events that happen, and by animals that act, all of which imply threats or oppor- 
tunities. Hardly any social behavior, or learning has appeared on earth without 
sound. Sound activates the brain and makes it amenable for higher life forms. 
Sound is the basis of all higher forms of language, it enables social interactions. 
Apparently people who lose the ability to see remain more socially integrated with 
the rest of the population than people who lose their hearing. Both sound and 
light can produce images of the surrounding. However, in murky, and turbulent 
water it is impossible to see with either light or sound. 



9.8.1 Comparison of Light and Sound Images 

Light and sound are wave phenomena with very different frequencies, phase ve- 
locities, and absorption constants. Therefore both phenomena facilitate different 
applications in signal detection, production, and communication, as indicated in 
Table 9.4. 

Information encoded in sound waves travels fast and it is very energy effective. 
Acoustic powers emitted by sound making organs, are small fractions of Watt, 
whereas moving a limb or the whole body involves mechanical powers of the or- 



Table 9.4. Comparison of light and sound images 



parameter 


light 


sound 


phase velocity 


Co~3 ■ m*m/s, water c = cjn, n = 1.33 


in air v = 340 m/s, in water v = i500 m/s 


/ 


small range around/=! 6 • 10'“* Hz 


large range /= 10 - lo^ Hz 


A 


400 -700 nm in air A ~ 3 mm -30 m 




lie range 


in air = in water = 1 m 


in air = 10 km, in water ~ 1000 km 


smallest image 
transmitted 


«io (im 


in air, bats = 1 cm, in water, whales ~ 1 km 


information 


point images 


phase & intensity imaging 


image analysis 


images (parallel processing) 


phase and fourier spectrum 


superposition 


light from different sources does 


all sound waves from different 




not interfere sources 


add up 


other limits 


daylight needed 


time resolution of brain 


problems 


biological search beams do not exist 


air - water interface transmits only 
1/3400 of intensity 


3D images 


yes, with 2 eyes and brain 


very limited 


use for 


limited 


excellent, leads to language. 


communication 




learning, social behavior 
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der of 10^ W. Acoustical signals must be read sequentially, which takes some time. 
In contrast optical signals are received simultaneously, instantaneously. 

Information has an influence on the survival of animals only if the recording 
and analysis of data leads to intelligent response, namely seizing opportunities or 
averting dangers. 

The properties of light and sound lead to different forms of intelligence. The si- 
multaneous data of optical signals leads to images, imagination, and recognition 
of beauty. The sequential data of sound alerts the organisms to sequences, of cause 
and effect, which points towards logical thinking. The ease of producing and mod- 
ulating sounds lead to language and education. These two components are essen- 
tial for social behavior, civilization, and culture. 



9.8.2 Why Sound Images Are Not Always Good Enough 

Sound, used passively, unveils clues regarding happenings in the environment. 
Sound used actively, namely sonar, reveals objects even if they are not moving. 
Cetaceans and bats have learned to actively use sound to map their surrounding, 
and their prey. Sound is also used very effectively for communication by a great 
many species. 

Unfortunately sound is 

• useless for orientation in noisy environments, 

• of limited value in muddy waters, 

• unsuitable in dense vegetation, where multiple scattering occurs, 

• blown away by the wind, 

• not good for talking over large distances, because of a slight dispersion: 
different frequencies travel at different speeds, 

• sonar cannot see objects that are smaller than the wavelength X, 

(sub millimeter scale), and ultra high frequencies are hard to make, and 

• the noise of the sonar beam can well alert the object of the sonar scan. 

Many of these disadvantages are overcome by the optical sense. Is there a way 
of observing the surrounding without giving away the presence of the observer? 
Light can do so, because during the day the light is always there. On the other hand 
light is absent during night time, underground, and deep down in the water, and 
bioluminescence only shines with very low intensity, insufficient to illuminate a 
scenery. Both light and sound become useless in turbid, muddy waters, where an 
electric field sense may yield alternate information about the surrounding. 
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Table 9.5. Frequently used variables of Chap. 9 



variable 


name 


units 


name of units 


/ 


frequency 


Hz = s“‘ 


Hertz 


I 


intensity 


W/m^ 


Watt per square meter 


k,kn 


spring constant 


N/m 


Newton per meter 


K 


wave number, or spatial frequency 


m-i 




n 


mode number 






^Po 


sound pressure amplitude 


N/m^ = Pa 


Pascal 




displacement amplitude 


m 


meter 


T 


period 


s 


second 


“0 


oscillation velocity amplitude 


m/s 




V 


phase velocity 






2 


impedance 


kg m“^s“‘ 




P 


sound level 


dB 


decibel 


y 


adiabatic exponent 






X 


wavelength 


m 


meter 


0) 


angular velocity of oscillation 


rad/s 





Problems and Hints for Solutions 

P9.1 Long Distance Whale Talk 

Assume that whales produce sound at a level of too dB re I^= 10“'^ W/m^. Suppose 
they talk in the Sofar channel between Alaska and Hawaii, a) What is the intensity 
that reaches the other end (assume cylindrical spreading), b) How long does it 
take for a message to go from one end to the other? c) If there is background noise 
of 40 dB, and the signal must be 3 dB above the noise level, over which distance 
can they talk to each other? 




P 9.2 Phase Velocities, and Travel Times 

A swarm of sardines is discovered by a roaming seagull, and by a dolphin. Simul- 
taneously both scouts call their friends: there are other seagulls sitting on the 
shore 2 miles away, and a school of dolphins is playing 3 miles out to sea. a) How 
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long does it take for both groups of animals to hear the signals of their scouts? 
b) If both predator groups depart to the new feeding ground immediately, which 
arrives first, and by how much? (To answer this question you must find the aver- 
age speed of a gull and a dolphin.) c) How does the race go if there is a 30 miles/h 
off shore wind? 

P9.3 Seal Mother Calling 

A mother seal can measure the distance to her baby swimming at the surface by 
listening to its cry under water and above the surface. Sound travels faster in wa- 
ter than in air, thus the cry is first heard in the water and later in the air. By detect- 
ing the time difference between sound heard above and below the surface the dis- 
tance can be determined, a) If this delay time is 115 ms, how far is the baby away? 
Speed of sound in air is v^-j.= 340 m/s, in water 1500 m/s. b) Could she be 

confused by any sound that travels halfway through the air and then travels the 
rest of the way under water thus having an average velocity somewhere between 
the sound velocity of air and water? Explain, c) Is she likely confused by other 
sounds? Make a list of typical sounds, created at the water surface that could be in 
the natural environment of the seals. 

P 9.4 Helmholtz Resonators and Organ Pipes 

a) Obtain the typical dimensions of a frog’s mouth and its throat volume while the 
animal croaks. Calculate the frequency of its voice assuming that the vocal organ 
can be modeled as a Helmholtz generator, b) Estimate the frequencies that could 
be produced with the air sacks in the dolphins breathing apparatus, if these cavi- 
ties could be considered as Helmholtz resonators or as closed organ pipes. 

P 9.5 Fundamental Voice Frequency, and Vortex Shedding 

Objects of lateral width d, which are imbedded in a steady flow of air, shed vortices 
at the rate/yj=St- U/d, where U is the flow velocity around the object. St is the 
Strouhal number, which has the typical value St= 0.2. Model the opening between 
the vocal cords (height h and width d) as a vortex shedding object, and derive the 
vortex shedding frequency as function of the body mass M and the vocal cord di- 
mensions h, and d. Remember that a person of M=jo kg needs to breathe 
2.2 1/min to support the resting metabolic rate {F = 3.6M^^'*) if all the oxygen is en- 
tirely extracted. (Actually the typical breathing rate for a male is 6 1 /min, explain 
why.) Assume a typical h = 2 cm, and a lateral dimension d~o.s cm of the vocal 
cords, and assume that the average opening of the vocal cords is d~o.^ cm. Calcu- 
late the vortex shedding frequency for a 50 kg female. Show how scales with 
body mass M and opening dimension d and h. 

P9.6 Elastic Vocal Cord Oscillator 

The vocal cords are pulled lengthwise by muscles and they vibrate when we speak. 
Fig. 9.21. Assume that they change their length periodically as they vibrate. Treat a 
vocal cord as an elastic object of length h = 2 cm, width D = 0.3 cm and thickness 
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A = 0.3 cm with a Young’s modulus of Y= 10® N/m^, and determine its elastic oscil- 
lation frequency^!. 

P 9.7 Exercise: 1 D versus 2D Sound Orientation 

The human ear is set up to determine the left-right direction from which a signal 
comes. An individual turns the head to ascertain the sound direction. This is a 
good enough technique for animals that hunt on the ground, and thus only have 
to worry about 2 dimensions. Birds need to know the left-right and up-down di- 
rection. Therefore night hunters like owls must turn their head around a vertical 
axis to find the left-right direction of a sound source and must turn the head 
around a horizontal axis to ascertain the up-down direction. Explain why. 

P 9.8 The Mole Cricket 

Waldo the mole cricket believes that he makes sound with a Helmholtz generator. 
His vocal instruments are tuned to a frequency^ = 2500 Hz. He has dug out a hole 
of V=4 cm 3 . He sits in a narrow passage of L = 3.0 cm length. 




Fig. 9.39. Mole cricket in his burrow. The volume V and the bottleneck, of length L and 
cross section area A form a Helmholtz generator 

a) If he wants to tune the resonance frequency of his Helmholtz-burrow to its 
instrument frequency /^, how large should he make the bottleneck area A? b) If the 
cricket digs the channel cross section area A just 10% larger than that calculated 
in part a), would the Helmholtz frequency go up or down? c) By what % would the 
frequency change? d) If the cricket sound spreads out uniformly into the hemi- 
sphere above his burrow and this sound has a sound level of 40 dB at a distance of 
60 m what is the power of the sound source? e) How large is the displacement am- 
plitude of the air molecules at this distance? 

P9.9 Blue Whale Voice 

The lung of a blue whale has about the size and volume of a Volkswagen Beetle. It 
is connected to the blowhole through a windpipe of about d = 30 cm diameter, one 
meter long. Estimate the lowest frequencies that this system could generate using 
any of the principles described in this section? 
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P9.10 Shark Attack 

A diver makes a deep dive wearing a facemask that covers eyes, nose and mouth. 
At 35 m depth he suddenly notices a shark cruising towards him, he lets out a short 
shriek at the top of his voice with an intensity of 95 dB. What is the intensity of his 
voice transmitted into in the water just outside his face mask. Just consider the 
transition of sound from the air to the water. First find the pressure and density at 
that depth. Look at Sects. 33.1 and 32.2. 



Sample Solutions 

S 9.3 a) Sound signal travel time in air, t^= Aslv^. Travel time in water t^= As/v^. 
Difference Af= As(i/v^-i/v^). Distance of source As = At{v^-v^)l{v^- 

v^) = 0.115 (340- 1500) /(1500- 340) = 50.56 m. b) Only the very small fraction 

impinging sound intensity will be transmitted 
from air into the water, therefore the other two signals clearly stand out. 

c) Sounds of waves, slapping sound of seals hitting the water with their flippers, 
noise of seagulls. Further there is the noise of the 5 cm long snapping shrimp. 
They produce water jets of speeds up to u = 30 m/s with their claws. At this speed 
the jets lower the pressure around micro bubbles in the flow below the vapor pres- 
sure of water. The bubbles expand up to a few cm in diameter, and subsequently 
collapse within 0.1 ms producing a loud pop as they cavitate (reported in Science 
Sept. 22/2000). 

S 9.5 Hint Assume that the volume flow rate of air into the lungs, (p is a factor of 
2.7= 6 l/min/(2.2 1/min) times larger than the volume flow {(p^=2.2\/min) re- 
quired to sustain the minimum metabolic rate (p^. This excess arises because the 
oxygen is not entirely extracted in the lungs. The rate (p^ is tied to the metabolic 
rate F=^.6 Assume that the ration of opening time X to cycle time T of the vo- 
cal cords is a constant C= T/r=x/.Then/= C- St (p • {Mlyoy^‘>l{h ■ d^) = const 



S 9.8 a) Solve the relation for the Helmholtz frequency for the area A= LV {2nfl 
vY= 0.03 • 4 • 10“®- (27t- 2500/340)^= 2.56 • io“4m^, where a sound speed v = 340 m/s 
has been assumed, b) The sound frequency will increase, c) By differentiation of 
the Helmholtz frequency relation (9.41) one finds d///= VidA/A = 5%. d) Solve 
40 dB = iolog^j,(7/io“^^) for f=io“*W/m^. The sound is emitted into the semi- 
sphere with the surface area A = 2TiR\ Solve I=PIA for P = I-A = io~^2K 60^ = 
0.226 mW. e) s^=Yknf) ■ (2f/pV)‘^^= (i/5000 7t)-(2-io“*/i.29-34o)*^^= 0.43 nm. 
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The molecules that came together 
In early forms of life possessed a double nature: 
They carried energy as well as charge in their design. 
The charge may well have been unwanted ballast. 
However, charge allowed to carry signals. 
Which now enable action, thinking, pain. 

These are the basics for all higher organisms 
And are the tools of homo sapiens. 



Electrical Effects Appear on Several Levels 

Electricity and magnetism, the twin sisters of the electric and magnetic field have 
separate utilities for animals. Electrical effects act inside and between cells, and 
thus enable body functions. They provide external information, and electrical lan- 
guage. Magnetic fields help with navigation. 

Electrical effects mediate ionic reactions in the cells. By keeping wanted ions 
inside, and unwanted charge carriers outside, all cells become charged capaci- 
tors - little Leyden jars. Electrical charge - waves carry the signals along nerves, 
the hard-wired cables of the body, which enable all the controls and senses. For in- 
stance, electrical effects relate information from the eyes, ears, nose, and fingertips 
to the brain, and send instructions back to the muscles. 

Further, electrical effects facilitate the seventh sense, the electrostatic percep- 
tion of sharks, tropical fish, and platypus, which primates never acquired. Magnet- 
ic effects are the basis for the eighth sense, the magnetic sense of bacteria, turtles, 
pigeons, and many other animals, to detect north and up-down on the globe, and 
provide clues about the location. These two electric/magnetic (e-m) senses com- 
plement the major six senses of seeing, hearing, balance, touch, smell, and taste. 

The e-m senses are true field senses - they act over distance. The magnetic field 
of the earth is present everywhere, so the magnetic sense is global. Electric field 
senses on the other hand are limited to close range, since the biological electric 
fields, to which they respond, are generally small. The electrostatic and magnetic 
senses are important in settings where light and sound fail. They give important 
information in locations that are bare of physical orientation points: muddy wa- 
ters, foggy skies, the open seas, and generally noisy environments. 

Living cells generate small electric fields and some animals have learned to see 
with their electrostatic sense a meal hidden under the sand, or in turbulent waters. 



10.1 The Electrical Machinery of Life 

From the very beginning, electrical effects have been important to build organ- 
isms and to maintain life functions. Eons ago chain molecules with polar ends as- 
sembled themselves to form lipid bi-layers, creating little bubbles that would be- 
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Fig. 10.1. Lipid bi-layer forming a closed vesicle that may harbor life 



come the cell walls of the first single cell organisms. Cell walls must have the abil- 
ity to place molecules that are good for life inside, and bad ones outside. It so hap- 
pens that the inside of a living cell contains more negative charge. If charges can- 
not freely go from inside to the outside the cell wall has insulating properties. An 
insulating vessel filled with charges acts like a capacitor. By adding switches to al- 
low charge to flow occasionally, an electrical discharge system was invented which 
would become much later in the evolution the basis of senses, nerve conduction 
and brain functions. 

Many life functions depend on the charging and discharging of living cells: de- 
tecting signals of sound, light, and heat with sensory cells, conducting nerve im- 
pulses, switching cells in the brain, activating muscles, giving lectures, expressing 
political opinions, and writing exams. 



1 0.1 .1 Life Started in Leyden Jars 

The basic building blocks of big bodies are the cells: assemblies of organic mole- 
cules and various inorganic ions enclosed by a membrane. The membrane, typi- 
cally d=y nm thick, is bridged by several different types of large organic mole- 
cules. Some of these act as ion pumps that move certain ions to the inside and 
others to the outside. Other large organic molecules act as valves or gates that let 
some of these ions go to the other side. Fig. 10.2. A living cell requires certain con- 
centrations of these positive and negative ions, which in total amount to a net neg- 
ative charge inside the cell. Therefore, each cell acts like a small capacitor, similar 
to a Leyden jar: the cell has a potential difference (voltage) between the inside and 
the outside, which changes if charges are allowed to flow through the membrane. 

In order to support life functions, certain ions such as Na"^, Kk H''', Cl“, bicar- 
bonate molecules, and organic molecules, have to be either outside or inside the 
cell. Typical ion concentrations are given in Table 10.1. 

Due to the concentrations of these ions, the inside of the cell is negatively 
charged at -70 mV. The voltage difference of V=-o.o/ V across the d=y nm thick 
cell wall generates an electric field E, 
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Leyden jar 



(b) 



+ 



Fig. 10.2. (a) Cells, radius r with pumps (P), and gates (G). (b) “Leyden Jar” capacitors that 
store charges 



Note that this field is stronger than the minimum field £=3 kV/mm that caus- 
es electrical breakdown in airh There are no sparks across the cell wall because 
sparks arise only after there has been an avalanche of electrons through a certain 
distance of space, say 50 pm. All avalanches need a distance to develop. A snow av- 
alanche in the mountains, which has run for only a few feet does not have much 
punch. More will be said about this in the section on nerve conduction. 

10.1.2 Forces Created by Electric Fields 

An electric field E is created between positive and negative charges. The field ex- 
erts forces on charges q that happen to be located inside the field. Positive charges 
are pushed away from the -l-side of the field whereas negative charges are attract- 
ed to the -l-side of the field. Charge is measured in the unit coulomb Cb^. Such elec- 
trostatic forces are the basis for the generation of muscle forces. 

The local direction of the force can be illustrated by field lines that go from the 
positive charge to the negative charge. At any point in space an electric field E has 
a magnitude and a direction. The electric field is a vector measured in the unit 
Volt/m. If there is an electric field E any charge q will experience the force 

E=q-E. (10.2) 



^ Typical electical field strengths in household appliances are lo^ V/m. For instance if a 
bare electrical wire of an no V line is located 1 cm away from the ground, the electrical 
field is £=110 V/0.01 m=i.i-io'i V/m. The air in a spark gap breaks down in atmospheric 
air if a field strength of 3 kV/mm=3-io® V/m is applied. This breakdown occurs at the 
minimum (p-d= 6 -io" 3 at-mm) of the Paschen curve that plots breakdown voltage versus 
the product pressure p times gap distance d. 

^ Capacitance has the unit Coulomb with the symbol Cb, which is chosen so that it cannot 
be confused with the parameter for capacitance C. 



£= V/d=o.07 V/y-io 3 m = io^V/m. 



(10.1) 
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Consider a simple example: an electron with the charge q=e=i.9-io in- 
side the cell membrane sees the field E=io^ V/m and experiences the force 

F=e£ = i. 6 -io"^®-io 7 V/m = i.6-io“^^N = i.6 pN . (10.3) 

The unit pN is called a pico Newton. The word pico represents the factor 10“^^. 
This force is approximately V2 the force that an individual cross-link pushes the 
myosin head parallel to the actin in a muscle fiber. 



1 0.1 .3 Moving Charges into and out of Cells 



Cells have the electrical property of capacitors, which are characterized by their 
capacitance C, measured in the unit Farad F 



C = ^ 
d 



(10.4) 



The permittivity constant of a vacuum 8.85 •io“'^Cb/Nm^= 8.85 •io“^^F/m= 

8.85 • 10“^^ pF/m has the unit pF/m pronounced picofarad per meter. The dielectric 
constant K describes the material between the surfaces, which hold the charge. 
The value of K indicates how much more charge the capacitor with the cell wall 
material can hold than vacuum (K^a(.=i)- A =47tr^ is the surface area of a cell, and 
d~y nm is the thickness of the cell wall. Myelinated nerve cell membranes have a 
typical value of K=8.8, and a typical specific capacitance of c=CIA~i pF/cmh The 
basic electrical phenomena associated with life are the charging (actions of the 
pumps) and the discharging (action of the valves) of these elementary capacitors. 

Body fluids contain various positive and negative ions. Typical values for blood 
plasma are given in Table 10.1. Charged particles in motion become part of an 
electrical current. A moving charge q represents a current element. If n charges 
per m 3 move at a speed u, there is a the current density j 

J=nq-u Ch/{sm^) . (10.5) 



Table 10.1. Typical concentrations for mammalian blood plasma, and author’s blood values 
in pmol/ milliliter. Conversion: 1 pm/ml = 6 -lo^^ part/cm^ 



species 


H.O 

pmol/mL 


Na+ 


K+ 


other"'' ET'" 


total"'" 


Cl- 


bicar organic total 
bonate 


external 


5.56-104 


145 


4 


5 


3.8-10-5 


154 


120 


27 7 154 


internal 


5.56-104 


12 


155 




13-10-5 


167 


4-1 


8 167 


ext/int 




12 


1/39 




1/3 




29 


3-4 


author’s 




139 


3-9 








103 


27 
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The total electrical current J is the sum of all current elements J=jjdA. The ba- 
sic electrical phenomena associated with life are the charging (action of the 
pumps) and the discharging (action of the gates) of the elementary “cell capaci- 
tors”. The flow of current is described by Ohms law, which connects current ], 
measured in Ampere, electrical resistance R, measured in Ohm Q, and voltage V 

V=RJ. (10.6) 



If there is an electric field E, and charges q are present, these charges will be 
forced to move. They become part of a current that is impeded, or slowed down by 
the resistivity p of the material. This law can be immediately applied to describe 
the flow of charges through a valve in a cell wall, or through some other section of 
organic material. The rate at which the charges flow through such a conductor de- 
pends on its electrical resistance R. Consider an object of length I and cross sec- 
tion A. The magnitude of its resistance R is related to the specific resistivity p of 
the conducting element, its cross section area A, and its length 1 : 




(10.7) 



Typical values are shown in Table 10.2. Materials with high resistivity are called 
insulators. When the electrical resistance is small one calls the material a “conduc- 
tor”. Electrical charges can move freely in a good conductor. The electrical con- 
ductivity c is defined as a=ilR 



Table 10.2. Resistivities of materials. Data after Denny[i993] 



material 


iron 


carbon 


sea 

water 


fresh 

water 


organic 

material 


blood 


fat 


wood 


glass 


hard 

rubber 


p 


9 - 7 ' 


3-5 • 


2-10^ 


g-io^ 


5 ' 1 o 7 


1.5 -107 


25 -lO^ 


10® to 


10“ to 


io‘® to 


in Q*m 


10“® 


10"5 












loU 


10'4 


io‘® 



Organic materials are good insulators. They may have a typical resistance p =5 
•lO^Qm. A section of nerve axon, L=i cm long, typically has an electrical resist- 
ance of I?=2.5-io* Q, [see Pflegl Nichols 1991]. 

When voltage differences drive currents through a network of electrical resis- 
tors R^, R^, . . . the currents and voltages will split up in a way that is governed by 
some simple rules. These are identical to the rules for thermal currents and ther- 
mal resistors driven by temperature gradients. Currents passing through resistors 
mounted in parallel (see Fig. 10.3a) split up, and the voltage drop V across the re- 
sistors is the same. 



;=Wkp=;,+7, (a), and V=J^-R=J^-R^ (b) 



(10.8) 
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Fig. 10.3. (a) Series and parallel circuits, (b) Capacitor, (c) Current and voltage during 
charging, and (d) discharging of the capacitor 



As a consequence the resistors R^, R^, mounted in parallel in Fig. 10.3 combine 
to the parallel network resistance R^ as 

i/kp=i/kj + i/k^. (10.9) 

If current flows through a network of resistors in series, Fig. 10.3 a, the current 
I is the same in every resistor, and the voltages V^, across the resistors add up V 
= V^ + V^, so that the total resistance of the network is R=R^ + Ry 

Due to the action of pumps, the cells in a body are generally charged up. Elec- 
tric charges start to flow when ionic channels are opened. This process may be 
compared to the charging and discharging of a capacitor. If a current is made to 
flow onto the plates of a capacitor, the voltage on the capacitor plates gradually 
grows. When a capacitor C is discharged by connecting the two plates through a 
resistor R, the voltage at the capacitor plates decreases gradually from the initial 
value according to the value V{t) 

V{t) = V,-e-‘^^^ . (10.10) 

Within the decay time T, sometimes called the e-folding time 



t=RC (10.11) 

the voltage decreases from the initial value to the value V{t)= VJe= 1^/2.718= 
0.368 v;. 

Example: Take R=is kfi, C=4.3 pF, t = i.5-io3-4.3-io~*=o. 00645 8=6.45 ms. 



Typically the voltage at the end of a nerve cell, called an axon, has a decay time 
of T~4 msec. This scenario sets the stage for nerve conduction, sensory organs, 
brain, and thinking. It also forms the basis for all the active uses of electricity for 
electro-static sensing, and for electrical warfare (electric eels). 
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10.2 Conduction of Nerve Pulses 

Nerve cells in an organism are integrated networks of cell bodies, dendrites, ax- 
ons, and terminal branches. A good basic introduction to nerve conduction is giv- 
en by Pflegl Nichols [1991]. Nerve pulses are generated by charges that move 
across cell membranes, or that cross gaps between nerve segments. 



10.2.1 Gates in Cells 

A nerve cell looks like a brittle star fish with many short spiny arms and one very 
long arm called the axon. Impulses arising from a cell body always flow into the 
axon and from there to the terminal branches. Axons are the long tail of nerve cells 
that connect to other nerve, or brain cells. Before looking at the process of conduc- 
tion, one should have an understanding of the electrical elements that are com- 
mon to most cells. 




Fig. 10.4. Nerve cell branching 

Nerves have an insulating cell wall that is typically 7-10 nm thick, containing 
pumps that move ions across the cell wall, and gates that allow them to flow in the 
opposite direction. A nerve axon has typically a diameter of d=i-40 pm, and a 
wall thickness of 7-10 nm. Through the action of pumps, Na''' ions are accumulat- 
ed on the outside and K''' ions on the inside of the cell membrane. This leads to a 
charge of -70 mV on the inside of the cell membrane. Similar as other cells, the 
nerve membranes with a thickness of d = 7 nm support an electric field of E~ 
0.07 V/7-io“®m=io7 V/m. 

The electric field points into the cell. The field would drive the positive sodium 
ions Na''' into the cell, if they could flow freely. However, the nerve membrane is, of 
course, normally a very good barrier to prevent such migration. The pumps are big 
molecules sticking though the nerve walls at many places. They constantly force 
positive ions to accumulate on the outside, like charges on one plate of a capacitor. 
Hence, one may consider a section of cell wall as a charged capacitor. If charges 
were free to flow to the other side, the voltage would first go to zero and then the 
capacitor would charge up in the opposite direction; the inside would become 
positive because charges tend to overshoot a neutral equilibrium. 

Imbedded in the cell wall besides the pumps are gates, which allow Na'*' ions to 
pass through the membrane if they are open. The gates may be opened by apply- 
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Fig. 10.5. (a) Pumps and gates in a nerve, (b) Snapshot of traveling electric pulse as func- 
tion of position x on axon 



ing a voltage, or by mechanical stimulus. While the pumps are the elementary 
electro-motoric forces, which constantly try to maintain the negative charge on 
the inside, the gates are the active elements, which can suddenly open and upset 
the charge distribution. Pumps and gates represent the active elements that lead to 
nerve conduction and drive all biological electrical effects. 

It is easy to imagine a hydraulic analog to this discharging and recharging 
mechanism. Consider two water reservoirs (a), and (b), which are connected by a 
pump that continuously lifts water from (a) to the (b), and a valve and large diam- 
eter pipe that allows water to flow back to (a). The action of the pump raises the 
water in (b) to a level determined by the pressure head of the pump, and lowers the 
water level in (a). When the valve is opened the water from (b) rushes back into (a) 
gaining speed in the connecting pipe, so that the water in (a) overshoots the equi- 
librium position. After the valve has been closed the action of the pump gradual- 
ly restores the higher water level in (b). 

The negative voltage at one place inside the cell walls suddenly turns positive 
when a nerve is triggered to fire. This reversal of polarity causes the nearest gate 
to open, letting all the nearby Na"'' ions in. If enough charges flow to the inside very 



Table 10.3. Comparison of different axon types of identical axon diameter, D=io pm. Data 
adopted from Davidovits [2001] 



axon properties 


non myelinated 


myelinated axon 


resistance per m of fluid inside and outside 


6.4 -io 9 Q/m 


6.4 -io9 a/m 


conductivity of axon membrane 


i.3-io~"*moh/m 


3-io"7moh/m 


resistivity 


7.7 • io 3 m 


3.3-10* am 


resistance per m of axon length (gates closed) 


= 1014 a/m 


4.2-10'* a/m 


capacitance per unit length of axon 


3’10"7 F/m 


8-10"'° F/m 


RC time 


3 -107 


3 -io 7 
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quickly two things will happen, (i) The inside turns positive, reversing the direc- 
tion of the electric field, (ii) The reversed voltage causes the gate to close again, so 
that no further charges can flow. 

The pumps are continuously operating but initially they cannot keep up with a 
rapid inflow of Na"'' ions. However, the pumps are working at a steady rate. After 
the gates have been shut again the pumps gradually restore the initial charge dis- 
tribution, Fig. 10.5b. 

An impulse can be conducted by a nerve axon because each local group of 
charges that flows through one gate will open the next gate down the line when the 
inside has become positive enough. The amount of charges available to flow de- 
pends on the resting voltage, which in turn depends on the electro-motoric force 
of the pump and the local capacitance. This next gate down the line will in turn let 
charges through which subsequently open the adjacent gate. Thus the charge 
pulse travels along the axon. The speed of the electrical pulse depends only on the 
rate at which the charges flow in and on the speed at which gates open in response 
to the changed electrical environment. 

The nerve conduction velocity depends on the type of nerve and its diameter. 
Nerve conduction is faster if the axon is encased in a myelin sheath. The bodies of 
brain cell nerves are mainly located in the gray matter. They are interconnected by 
myelinated axons, located mainly in the white matter. Various nerve phase veloci- 
ties are shown in Table 7.8, and are plotted in Fig. 7.12. The signal conduction ve- 
locity increases steadily with nerve diameter D. The data may be approxi- 
mated by the relation 

(10.12) 

where D is given in pm. Thick nerves are fast. The octopus intrinsically knows why 
it has a thick nerve connecting its ink jet to the brain. This nerve’s big diameter of 
D=500 pm [see Davidovits 2001] guaranties a quick response when the animal 
wants to become invisible in a hurry. 
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10.2.2 Moving Charges by Mechanical Stresses: Piezo Effect 



Some materials such as bones show the piezo effect: when a cylinder of certain 
materials is stressed in axial direction, one end charges up positively, and the op- 
posite end charges up negatively. This creates an electrical field E. The more stress 
is applied, the larger the field becomes. 

When animals move around their bones are exposed to stresses of varying 
magnitude. The piezo effect translates these stresses into voltage signals. Appar- 
ently bones are reinforced in response to these local voltages: bones are built up 
most where the largest stress appears. Thus, the piezo effect is a simple feedback 
mechanism for building skeletons that are strong only where strength is needed. 
Similarly the piezo effect may play a role in soft tissue healing. 



1 0.2.3 Electrical Signals of Muscle Activities 

Muscle activities are always associated with electrical signals. This is well known 
from every electro cardiogram (ECG). The electro-motoric force em/of the mus- 
cle is a repetitive function of time, with signal strength of the order of milli volts. 
The features of the voltage trace of an ECG are associated with parts of the heart 
activity. Fig. 10.7. These features are generally not exactly reproducible for every 
heart-beat. 



emf 




Fig. 10 . 7 . Typical electro cardiogramm (ECG) with atrium polarization (P), ventricle polar- 
ization (QRS), and re-polarization (T) 



10.3 Passive Use of Electrical Fields 

Living cells produce weak electric fields. In turbulent and muddy waters and dur- 
ing the night, neither light nor sound can be used to find the way. Then the detec- 
tion of biological electrical fields can help an organism to find a meal. Indeed, sev- 
eral aquatic animals possess the ability to detect electric fields: Sharks [see 
Bastian 1994], fresh water fish, star nosed moles [see Zimmer 1993], and platypus. 
They have developed this ability since their prey inadvertently generates small 
electric fields. 
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10.3.1 The 6**^ Sense: Electrical Detection of Prey 

To see how organic prey may be found, consider the electric fields which are pro- 
duced by a living organism. Let the animal, which is buried in the sand, be repre- 
sented by a battery. 

Body functions generally involve weak electrical potentials. Some of these bio- 
logical electrical fields leak out of the body. For instance, the gills of animals 
buried under sand emit a small electric field, and a shrimp [see Schleich 1973] may 
produce a field of E=i mV/cm at a distance of r=8 cm. 

Electrical fields spread out in space through non-conducting materials such as 
sand and water. A shark can detect electric fields as small as E=5-io~^ V/cm=5- 
io “7 V/m. Platypus responds to fields of £=5 fiV/cm=5-io"5V/m. This 6*’’ sense, 
with sensors to detect very weak electrical fields, enables such animals to locate 
prey buried under sand and in muddy waters. 




Fig. 10.8. (a) Electrical field of battery buried under sand, (b) Shark and flounder 



The principle of detection is shown in Fig. 10.8a. A battery sets up an electric 
field, which extends through the surrounding medium, such as wet sediments and 
water. Shown are some field lines, and equi-potential lines. Along the field lines the 
voltage decreases by the amount A U= V^- V_ because the voltage must decay from 
the value at the plus pole of the battery to the value V_ on the minus pole on the 
battery. The electric field produces the potentials and at the location of the 
detector. The voltage difference AU= V^-V^ can be measured. 

The biological application is illustrated in Fig. 10.9b. The shark has special or- 
gans to detect very small voltage differences. In order to sense the location of the 
voltage source the animal must be able to detect the direction in which the electric 
field increases. A similar system would not work in air, because the electrical re- 
sistance of air is so high that voltage differences created by animal tissue between 
detectors, which are separated by fractions of a meter, would be much too small to 
be picked up by any biological system. 
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10.3.2 Electrical Detectors of Fish 



The electrical field detectors of aquatic animals look roughly like bottles with long 
and narrow necks that stick like pores through the skin, Fig. 10.9. The bottles have 
a relatively high electrical resistance. The bottles are filled with lumen, a fatty tis- 
sue of lower resistance. 

The electrical transducers that convert an electrical field into a nerve signal are 
big cells located at the bottom of the detector bottle. The sensory cells act like 
leaky condensers: if more current flows in than diffuses out of the cell, the cell 
charges up. The state of charge is detected by the sensory neurons. In the presence 
of electric fields Ca^'*' ions migrate into the cells, and K'*' ions move out. This caus- 
es some net charges to appear at the connected nerve ends, thereby sending off a 
nerve signal. Saltwater animals respond to low frequency fields. Some fresh water 
fish can sense oscillating fields with frequencies in the kHz range. 




Fig. 10.9. (a) Electrical detectors imbedded in skin after Bastian [1994]. (b) Low frequency 
marine detectors, (c) high frequency detectors of weakly electric fresh water fish 



Sharks carry electrical detectors in the front and on the top of the back of the 
head. They use these sensors in close vicinity to their prey. They shut their eyes 
during an attack. Divers make use of this fact when they work inside a metal cage. 
The metal mesh acts like a Faraday cage, which prevents any electric fields on the 
inside from leaking out. Therefore, the shark cannot detect the biological field of 
the diver when approaching the cage, and turns away. Of course a sturdy metal 
cage is also a good mechanical barrier. 



10.3.3 Platypus 

The platypus feeds in murky waters of rivers and streams often at night, with ears, 
eyes, and nose closed. It has a flat rubbery bill similar to that of a duck. The animal 
has about 13000 electro receptors located on the outside of the bill. These gland 
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Fig. 10.10. Platypus head with beak and gland duct receptors 



duct receptors have a sensitivity threshold of about 5 pV/cm, see Schleich [1986]. 
The sensors are arranged in a striped pattern. 

Some of the sensors also respond to pressure pulses, Pettigrew et al. [1972]. In 
the search phase the platypus scans its environment by moving its head periodi- 
cally from side to side in quick and jerky motions called saccades lasting T=il’} to 
V2 second. When coming closer to a potential prey the platypus may increase its 
sweep rate from/=3 to about 14 Hz. Apparently the animal senses the direction in 
which the electric field increases. 



10.4 The Active Use of Electric Fields 

We all know the happy sound of birds in fields and forests. A similar variety of 
electrical noises are produced by electrical fish in tropical waters. Many tropical 
fish have very distinct electrical melodies. These e-songs may indicate territorial 
claims or inter-species communication. Some fish produce continuous wave sig- 
nals, like the chirping of crickets. These are called wave fish. Others burst out in 
short electrostastic blips, like the twittering of chickadees. Such fish are called 
pulse fish. Generally these electric fields are very weak, with magnitudes of a few 
millivolt per meter close to the animal. These weak fields drop off rapidly over a 
few body lengths. 

There is a darker side to the use of electrostatic pulses. Some fish are able to 
produce voltage pulses of a few hundred volts and deliver currents of the order of 
1 Ampere with a duration of a few milliseconds. They use electrical discharges as 
weapons. 



10.4.1 Fields and Signals 

How do such signals come about? Any animal generates voltage pulses as part of 
its ongoing metabolism. Humans typically have variations of AU=ioo mV, caused 
by gates and pumps, see Sect. 10.2. By switching n cells in series it is theoretically 
possible to produce voltage pulses of the magnitude AV^=n-AV. It is then only a 
small step to generate arbitrary sequences of electrical pulses or single-frequency- 
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Fig. 10.11. (a) Fourier component of a pulse fish signal, (b) Typical wave fish signal 



waves. Electrical fish have learned such tricks. These animals are often quite 
small. 

Some of these fish generate pulses, others emit continuous waves. Pulses can be 
thought of as a superposition of different frequencies. In a classroom experiment, 
a small African elephant nose fish of the species gnathonemus petersii was ob- 
served in a tank equipped with electrodes connected to a recording system with a 
Fourier analyzer. The frequency components for this pulse fish are shown in 
Fig. lo.iia. 

An example of a wave fish is the black ghost knife fish, apteronotus albiforns. 
Two specimens were studied during a lecture demonstration. Figure lo.iib shows 
a typical waveform. The electrical signals seem to express an identity for each an- 
imal. We observed signals of two specimen in separate tanks. Each chirped at the 
fundamental frequencies /^= 1388 Hz, and the first overtone /^= 2088 Hz. Then 
both fish were placed into the same tank. Now one of the individuals changed its 
pitch: we then recorded an additional song at the frequencies/^’ = 1448 Hz and/’= 
2178 Hz. Note that the ratios of the frequencies remained the same:///=/’/^=3/2. 

Occasionally it is observed that two fish sing at very close frequencies, so that 
the resulting electrostatic waves produce a beat frequency. 

The electrical languages, namely the voltage-time traces, and the frequency 
spectra of pulse and wave fish are quite diverse, and are distinct for each species, 
like bird songs in a forest. 

Electrical fish are only found in fresh waters of the tropical regions of the globe. 
Fresh water has a high resistivity Pp so that an electric fish only has to generate a 
small current ] 0= Wpf in order to maintain its body voltage V. In contrast the resis- 
tivity of salt water is about 3 orders of magnitude lower, see Table 10.2. Therefore, 
in salt water an electric fish would have to support about 1000 times larger cur- 
rents. This would be too large a burden on the metabolism of the animal. 
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1 0.4.2 Living Batteries and Voltage Sources 

The bio-electrical signals are generally in the milli-volt range, and the electrical 
organs are often restricted to a small tail-section of the body. However, there are 
exceptions, such as the electric eel. Fig. 10.12a. Its electrical organs are composed 
of Arj^=i20 lamellae which in turn contain up to AT^[ = 2500 flattened cells called 
electrocytes. Two smaller organs are used for navigation, and the big unit is its at- 
tack weapon. The electrocytes are individually charged by pumping Na''' ions to 
the outside. This process takes typically 25 s. 



=30 |jm 




Fig. 10.12. (a) Electric eel. (b) Electrocyte model, (c) Discharge pulse form 



When fully charged the electrocytes have a potential of -90 mV, due to the con- 
centration of K'*' ions inside and Na'*' ions outside the electrical cells. The electri- 
cal discharge is initiated when a nerve pulse originating in the brain liberates the 
neurotransmitters acetylcholine from the nerve terminals on the electrocyte’s 
caudal (tailward) surfaces. The released acetylcholine binds to the electrocytes, 
opening chemically gated sodium channels. This results in an influx of positive 
ions. As a consequence, the potential inside the electrocytes briefly goes up to 
-F50 mV, resulting in a voltage spike of 17 =0.05 V- (- 0.09 V) =4-0.14 V and a dis- 
charge current of about 7^=10“"* A. When the electrocytes in one lamella are 
discharging in parallel they generate a current A that lasts for typically 

Since the sodium channels are only located on the caudal side of the cells the 
sodium flux is unidirectional in the caudal to rostral direction. Insulating tissue 
around the organ prevents internal short circuits so that a voltage pulse up to V= 
17 =600 V arises when the lamellae fire in series. 
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10.5 Navigation by Magnetic Fields 



The magnetic field of the earth, weak as it is, presents a bearing by which animals 
can find directions (compass sense), or changes in position otherwise unde- 
tectable such as those found in the open sea, or high in the air (map sense). This 
opportunity has been realized by dolphins, whales, turtles, sharks, alligators, al- 
gae, mollusks, pigeons, nightingales, thrushes, honeybees, blind mole rats, ham- 
sters, newts, salamanders, and bacteria. The magnetic sense uses the inclination 
and/or intensity of the Earth’s magnetic field to detect compass North. Further, 
the motion of charged particles at some velocity u across magnetic fields B in- 
duces electric fields of the magnitude E=uxB. Such induced electric fields may 
give sharks navigational clues. 



10.5.1 The Origin of Magnetic Fields 

Magnetic fields B are always there when currents J flow steadily, or when displace- 
ment currents e^dEldt are suddenly initiated. Currents are surrounded by mag- 
netic fields. For a steady current of the current density; (measured in Ampere/m^) 
the magnitude of B can be found from Ampere’s law. 

\Bdl=iiJjdA (10.13) 

The right-hand side of this equation contains the total current 7 =|;‘dA, and the 
left-hand side is the line integral of the magnetic field encircling this current, see 
Fig. 10.13a. For instance, at the edge of a cylindrical conductor of radius R the 
magnetic field has a value B^=h^JIxkR, where /i^=47t • io “7 The field drops off with 
radial distance r as 



B{r)=njlnir. (10.14) 

Three different units for magnetic fields are in common use: Tesla T, Gauss G, 
and gamma E They differ by factors of ten. 1 T= lo^ G = 10® E. The direction of the 
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Fig. 10.13. (a) Current / and magnetic field B. (b) Right hand rule, (c) Magnets 
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magnetic field of a current J is given by the right hand rule, illustrated in 
Fig. 10.13b. 

Magnets line up in magnetic fields. A magnetic field exerts a force acting onto 
magnets. A magnetic North pole N always attracts a South pole S. This effect lines 
up magnets in alternating sequences: North - South - North - South, Fig. 10.13c. 

A charge q moving at a velocity u through a magnetic field B experiences the 
force f 

F=q-uxB=jxB (10.15) 

If the charge is attached to a particle, which is embedded in a fluid flow with the 
velocity u, an electric field induced. It has the magnitude 



Such fields were first discussed by Faraday, but sharks have used them long be- 
fore: they can infer the local water flow velocity v by detecting with their electric 
field sensors the induced field 



Several animals like pigeons, trout, and honey bees, have acquired the ability to 
navigate by means of internal magnetic compass needles: magneto-tactic bacteria. 

The bacteria are part of the magnetic sense of these animals, which helps them 
find their way using the magnetic field of the earth B^. It has the average magni- 
tude 



Fig. 10.14. (a) Earth’s magnetic field, (b) Field lines dipping in vertical and horizontal direc- 
tion 



E.na=vxB. 



(10.16) 



10.5.2 The Earth's Magnetic Field 




3 The cross product symbol x indicates that the force F points - by the right hand rule - 
into a direction at right angle to both the direction of the velocity vector u and the direc- 
tion of the magnetic field vector B. 
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5j.=5-io"5T=o.5 G . (10.17) 

On the northern hemisphere the magnetic compass needle points towards the 
earth’s magnetic north pole, which is located in the North West Territories of 
Canada. The magnetic north pole has no fixed location. It moves presently at a rate 
of =40 km/year in eastern direction [Jacob 2002]. Apparently the magnetic field of 
the earth changes its direction reversing North and South with a cycle time of 
500,000 years. The earth’s magnetic field has a horizontal and a vertical 
component, see Fig. 10.14. The downward direction is important for bacteria. 
North South is important for sailors, and large animals. 



10.5.3 The Magnetic Sense 

Magnetic fields help animals find direction (map sense), and location (map 
sense). The magnetic sense likely involves small biomagnetite particles found in 
the above animals’ heads. These particles range in diameter from <4onm, to 
50-100 nm, to 1-3 pm. They are found in cells whose associated nerves respond to 
changes in induced magnetic fields. Biomagnetite is essentially paramagnetic, in 
other words it has randomly-oriented fields that can align in an induced magnet- 
ic field. Also, pigeons have clustered 40 nm particles in 1-3 pm diameter clusters, 
arranged in chains 150-200 pm long. Sensitivity thresholds for a list of animals 
with known magnetic senses are shown in Table 10.4. 

There are several principles by which magnetic fields could stimulate sensory 
response. Biomagnetite crystalls may exert a torque on intracellular filaments that 
is large enough to trigger a sensory neuron. This mechanism would be the basis 
for the compass sense. The migrating loggerhead turtle is thought to detect the 



Table 10.4. Magnetic abilities for some species 



animal 


compass 

sense 


map 

sense 


biomagnetite characterization 


sensitivity to B 
(lowest threshold) 


pigeon 


c 


m 


50-100 nm particles in chains, on brain 
surface and in beak 


10-20 nT inferred 
from experiments 


dolphin 


c 


m 


in head tissue 


<2000 nT 


salmon 


c 




50 nm particles in snout 




rainbow trout 




m 


50 nm particles in cells 10-15 ^ni 
diameter, 2—3 cells/250 \xm^ 


<7500 nT 


magnetotactic 

bacteria 


c 




40-100 nm particles in a chain 
1200-1600 nm long 


30-45 pT 


honeybee 


c 




50 nm particles 


260 nT 


thrush, 

nightingale 


c 


m 


7 


<7200 nT 


seal, turtle 


c 


m 


7 


<9000 nT 
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difference in the earth’s magnetic field at two separate points on its migration 
path, thereby providing a clue about the location. 

From studies on rainbow trout it is known that changes in the magnitude of an 
induced magnetic field stimulate sensory nerves adjacent to cells containing bio- 
magnetite. The exact mechanism has yet to be experimentally determined theo- 
retically, the use of torque is a plausible mechanism. 



10.5.4 Magneto-Tactic Bacteria with Ideal Compass Needles 

The basic elements for magnetic navigation are small crystals of magnetite 
(lodestone). An interesting optimization is found by magneto-tactic bacteria. 
These small organisms of length L~i pm, volume V, and density p, live in sedi- 
ments of density p^, where up is bad (too much poisonous oxygen) and down is 
good (lots of nutrients) [Blakemore and Frankel 1981]. 

With their small size they are subject to Brownian motion, which knocks them 
about, and tumbles them around. Gravity is not large enough to tell them where 
down is, because the energy gained by falling through the height h~L 

£gr= ip ~ Pq) VgL=o.i • 10^ kg/m 3 • lo'^^m^ • io“® = io““ J (10.18) 

is much smaller than the energy of Brownian motion Ej^j.=kgr=!4-io“^^ J. 

However, since the bacteria have a built-in compass needles, the earth’s mag- 
netic field Bg applies a torque and aligns the organisms in the field lines, which 
have a downward component. By swimming along this direction the bacteria can 
move downwards to food and safety. The magnetic moment of the internal com- 
pass needle in the earth magnetic field B^=o.5 G generates the en- 

ergy 

^m.g= 6 -io~'‘°J/G-o .5 G = 3 -io-=‘“J>£j,^>£gj.. (10.19) 

This inequality indicates that the torque generated by the magnetic field easily 
overcomes the random Brownian motion. The magnetic needle is made up from I 




Fig. 10.15. Magneto-tactic bacterium 
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(a) (b) 




Fig. 10.16. Fe^O^ crystals, (a) 1 = 50 nm: ferromagnetic single crystals lined up. (b) L> 
100 nm, multiple Weiss domains with random magnetization 



=50 nm long Fe^O^ crystals. About 20 of these small crystals arrange themselves in 
one or two magnetic chains in the cytoplasm parallel to the long direction of the 
cell, Fig. 10.16a. Each small magnet is surrounded by a sheath that is always adja- 
cent or contiguous with the cytoplasmic membrane. There are north-seeking and 
south-seeking h&cteria species. 

Nature has optimized the dimensions of the small Fe^O^ magnets, to maximize 
the magnetic strength, [Blooom, and Mouritsen 1995]. Crystals of less than 40 nm 
length are super-paramagnetic. Crystals of length I from 40 nm to 100 nm are fer- 
romagnetic single domain structures. Fe^O^ crystals of over 100 nm length contain 
more than one Weiss domain, with statistically disoriented magnetic vectors, see 
Fig. 10.16b. In order to act like strong magnets these structures would have to be 
magnetized from outside so as to line up all the Weiss domains. By keeping the 
size of the Fe^O^ crystals to about 50 nm, the organism obtains ferromagnetic 
structures, which need not be magnetized, because they automatically line up 
head to toe, a South Pole seeking out the North Pole of the next unit crystal. 

Magnetic bacteria that became fossilized, retained their magnetic properties, 
and have become magnetite. In spite of many years of research on magnetic stor- 
age for computers, humans have not managed to produce magnetic materials as 
homogeneous as found in magnetite from ancient bacteria. The magnetite crys- 
tals assembled by bacteria are perfect and free of any defects. This structure re- 
mains if such bacteria collect at the bottom of a lake or ocean and become part of 
the forming magnetite layer. Such pure crystals differ strikingly from any mag- 
netic mineral that the entire recording industry for computer discs and magnetic 
tapes has produced in the last 50 years. 



10.5.5 Pigeons Trout, Turtles, and Dolphins 

Many animals can detect the earth magnetic field, small as it is at Gauss 

[Keeton 1974] , and they navigate with built in “compass needles”. Examples are pi- 
geons [Winklhofer et. al. 2001], [Walcott et al. 1979], trout, turtles [Lohmann and, 
Lohmann 1996], and dolphins [Zoeger et al. 1981]. 
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The direction of the magnetic field is the first coordinate for orientation. Su- 
perimposed on this average field are local perturbations, which vary more rapid- 
ly, and may therefore yield a second coordinate for orientation [Walker et al. 
2000]. The average earth magnetic field may vary in magnitude and direction 
from year to year by 4- io “4 to 10“^ E Often homing pigeons react with variations 
of their flight path, in response to these fluctuations of the earth’s field. Therefore, 
it is believed that the sensitivity threshold of the pigeon compass is AB =+io “4 E. 
The slow variation of the earth’s magnetic field apparently does not diminish the 
magnetic navigation abilities of these animals. 



10.5.6 Life on Mars? 

In 1984 scientists discovered a meteorite on Allan Hills, Antarctica that was later 
identified with high probability as a sedimentary rock fragment coming from our 
neighbouring planet Mars. Very pure magnetite crystals were found recently on 
this specimen, which are entirely free of any defects. Scientists from NASA 
[Clement 2000] concluded that these crystals must have been assembled by mag- 
netic bacteria. This presumed bio-magnetic origin is the first tangible evidence 
for life on Mars. 



1 0.5.7 Orientation by u x 6 in the Earth Field 

when a fluid carrying charges flows at the velocity u across a magnetic field B, an 
electric field E is generated at right angles to both the flow and the magnetic field. 

This effect is used in magneto hydrodynamics generators, called Faraday gen- 
erators, and it has a practical application for animal navigation. The strength and 
direction of this field are given by the vector equation 



E=uxB, (10.20) 

where B is in Tesla T, u in m/s, and E in V/m. Weak electric fields are generated by 
this effect when water currents with ionic charges, flow across the earth magnetic 
field. 

Faraday tried to measure this effect across the Thames River under London 
Bridge. He concluded that the Thames carried enough ions and the earth magnet- 
ic field would be strong enough to yield a small voltage difference between the 
electrode placed on the right and the left river bank, at the locations (a) and (b) on 
Fig. 10.17. The total voltage across the river of width L would be 



V=EL=L-uxB. (10.21) 

Taking the earth magnetic field B=5-io“5 T, a velocity of u = i m/s, and L~ 
100 m, one has E=i m/s-io“‘* T=50 pV and V=L-E=o.oos V. Faraday failed to 
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Fig. 10.17. Voltages induced in a conducting medium flowing through a magnetic field 



measure the effect, because he could not measure precisely enough the voltage dif- 
ference between the two terminals a and b. 

Similar small fields are generated as ocean currents move through the earth 
magnetic field. Sharks reportedly can detect fields down to £ = 500 nV/m = 
5 nV/cm. Such a field is generated when the potential difference of a 1.5 V battery 
is applied across the Atlantic. When a shark swims with the velocity u at right an- 
gles to the earth’s magnetic field, it will experience the electric field E=uB^. At the 
velocity u=i m/s the induced field is 50 pV/m, as calculated above. This field is 100 
times stronger than the shark’s detection threshold. Therefore, it is likely that 
sharks use these fields for navigational clues on their travels. The direction of the 
fields would help them to maintain a certain course. 



Table 10.5. Frequently used variables of Chap. 10 



variable 


name 


units 


name of unit 


B 


magnetic field 


T, or G, or F 


Tesla, Gauss, gamma 


C 


capacitance 


F 


Farad 


E 


electric field 


V/m 


Volt/meter 


j 


electric current density 


kInP 


Ampere/m^ 


J 


current 


A 


Ampere 


K 


dielectric constant 








electric charge 


Cb 


Goulomb 


R 


electrical resistance 


Q 


Ohm 


P 


electrical resistivity 


Qm 


Ohm-meter 
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Problems and Hints for Solutions 

PIO.I Shark Tachometer 

Sharks are known to detect electric fields down to 0.5 fiV/m. When they swim at 
the velocity u through a magnetic field B an electric field, sometimes called the 
Faraday field,£=MxB=u-B-sin^is generated, where ^is the angle between m, and 
B. Assume a shark (width at the head d=o.i5 m) swims at the velocity u = 8 m/s at 
right angle through the earth’s magnetic field, 5=5- lO'^T. a) Determine the Fara- 
day field generated in this motion. Can a shark detect such a field? b) What is the 
voltage difference V=d-E between detectors located at the left and the right side 
of the head of the animal? c) By measuring this electric field the shark actually de- 
tects its own velocity. What is the smallest speed that the shark could just barely 
measure given the resolution +0.5 pV/m of its electric sense? 




P 10.2 Currents in Nerves 

(a) Calculate the averag electrical resistance k of an 8 cm long section of a non 
myelinated afferent nerve of D=iy pm. a) How large is the cross section area of 
the nerve? b) How much induced current /j (measured in A) will flow through this 
nerve section if an electric voltage difference of 1.5 V is applied to both ends? 
What is the current density jjA/m^? c) Compare the induced current /j to the cur- 
rent 7p produced by the pumps of a typical cell membrane of an area equal to the 
nerve cross section area A^^. 

P 10.3 Zapping a Meal 

Electric eels kill their prey with electrical pulses of up to 600, and typically 1 A 
lasting for about 3- 10“^ s. These pulses are generated by sodium ions Na''' that are 
suddenly admitted through channels in the walls of the specialized electrocyte 
cells. The cells have finger-like structures of typically 4 pm radius and 30 pm 
length that are arranged about 10 pm apart, so that 10,000 of these fingers pro- 
trude side by side on a surface area of 1 mm x 1 mm. 

Assume that the sodium pumps in the cell walls maintain a steady state concen- 
tration of 140 mmol/ 1 , a) How many sodium ions must diffuse into the cells to sup- 
port a current pulse of 7 = 1 Amp. b) If all the Na''' ions of a As= 1 pm thick layer out- 
side the cell walls diffuse into the cells during the Af =3 ms long current pulse, how 
much cell surface area A is needed to support the pulse? c) Suggest a reason why 
the cells have finger-like protuberances, d) Are there enough Na''' ions between the 
fingers to support the current pulse? 
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Fig. 10.19. (a) Dimensions of electrocyte cell of electric eel. (b) Model geometry of fingers 



Hints for Solutions 

S 10.1 The Cross product £=u X 5 =u-B- sin ^ gives the field strength E in V/m if 
B is given in Tesla and u in m/s. a) In numbers £=5-io“5T-8m/s=4-io“4V/m=4- 
io“® V/m=4 pV/m. This is a factor 4 pV/0.5 pV=8 times larger than the resolution 
of the electric sense, b) The voltage difference between both sides of the head is 
Ay=d-£=4-io“4V/m-o.i5 m= 6 -io “5 V=6o pV, therefore, not much is needed. 

S 10.3 a) A current pulse of 1 Ampere lasting 3 ms requires 0.003 Cb=n-e. The 
charge of one sodium ion Na'*' is e=i.6 -lo’^® Cb. Thus AT=o.oo3 Cb/1.6 •io“^®Cb= 
1.88-io'^Na'''. b) 140 mmol /1 corresponds to n = (i40-io“^ mol/ 1 )- (6 -lo^^ atoms/ 
mol) = 8.4-io^^atoms/l=8.4-io^®atoms/mm3. A surface layer of a=i mm^ and 1 pm 
thickness has a volume of V^j= 0.001 mm^, and hence contains n^^=n-V^^=8.4- 
loD Na"'' ions. To generate a current pulse of i.88-io^®Na''', a total cell surface area 
of A^=Nln^y=224 mm^ is required, c) The finger geometry permits more surface 
area to be packed into a small volume, d) The number N^=V-n of Na''' ions sur- 
rounding the fingers is found by first determining the fluid volume k between the 
fingers, and then multiplying this volume by the number density n = 8.4- 

10 16 Satoms/mm^. 
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In the struggle for existence... the merest trifle (of difference) 
would give the victory to one organic being over another... 
but probably in no one case could we precisely say 
why one species has been victorious over another. 

Darwin 

. . . Yet it is life itself 
That makes the differences 
From which the actions flow. 



Physics Enables and Sets Limits 

Throughout this book it has become apparent how intimately Physics is inter- 
twined Zoology. Physics deals with dead concepts and inanimate parameters such 
as temperature mass, position, time, velocity, and energy, which are often ex- 
pressed as equation linking various parameters. Zoology, in contrast, is seen as a 
living subject dealing with the complexity of design and the actions of animals. 
When talking about Zoology one thinks of pictures of eagles circling high in the 
air, of dolphins squeaking in the aquarium, of ant hills in the forest, and of the 
multitude of strange animals seen in zoos. And yet the physics laws rule supreme 
and permit the living world to perform certain actions with grace, and efficiency. 
The physics models thus help to understand some of the actions and the body de- 
sign of animals. 

Physics concepts are used here to interpret, and sort out biological facts. In this 
perspective, physics becomes the grammar in the book of life that displays and ex- 
plains how animals function. Like other forms of philosophy, physical models are 
non-exclusive. There are often several different ways to arrive at the same conclu- 
sion. The physics perspective, which focuses on a few effects only, totally ignoring 
others, often clears the view to see a larger picture. Thus, one may hope to gain an 
embracing perception of some principles of life, which are not obvious from bio- 
logical data. Yet at the same time one must be aware that this biased focus may dull 
the view of recognizing multiple use of certain organs. Competing demands may 
force organisms not to operate at the single-use optimum. 

The previous chapters have provided many examples of body design and ani- 
mal actions where the exploitation of physics principles within the framework of 
biological constraints yields advantages in energy efficiency as well as in informa- 
tion acquisition. These advantages have likely made “the trifle of difference” for 
the organism to guarantee its survival. By presenting these examples side by side 
in this chapter one obtains a glimpse into the workshop of evolution. Physics is the 
hard reality hidden behind complex life activities. Three general results can be 
recognized; Physics enables, there are optima, physics sets limits. 

Good physics allows animals to build their bodies economically, and perform 
efficiently the numerous functions in all walks of life and in all niches of the bios- 
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phere. This holds for strength and agility, camouflage, and the development of 
senses. The basic physics concepts and the biological boundary conditions are 
presented in Sect. ii.i. Opportunities beckon in all niches of the biosphere. One 
could say that the fitness landscape of life is molded by good physics. Often the 
same end can be reached with different body structures. This is co-evolution. 

The laws of Physics impose stringent limits on some body parameters, and al- 
low for certain optima, which are recapitulated in Sect. 11.2. Practically all param- 
eters have lower and upper limits. The phase space of life is donut shaped. Every 
organism is an optimum solution to a many-parameter-problem of a particular 
niche in the biosphere. Shape or size, materials, and body functions may be opti- 
mized. In most situations too many parameters come into play to clearly see the 
optimization. However, in some cases the variation of a single parameter leads to 
an optimum with regards to energy use, or information collection. The fact that 
many animals found such optima must be considered a crowning achievement of 
the evolution. 

When animals reach limits imposed by physical principles, quite often new 
physics tricks allow these restrictions to be circumvented. This is one aspect of 
evolution. Occasionally, the predator-pray interplay leads to a spiral of improved 
physics. Some thoughts on these topics are discussed in Sect. 11.3. The supreme 
command of physics by all living organisms and the steady search for other more 
suitable physics principles is part of the secrets of evolution. If energy can be 
saved, it will be saved. If information can be obtained readily it will be collected. If 
there are optima they will be found. If smaller size is sufficient, smaller size will be 
adopted. If there are limits that can be circumvented they will be circumvented ... 
by successful animals. 



Schldft ein Lied in alien Dingen 
Die da trdumenfort undfort, 
Und die Welt hebt an zu singen 
Trijfst du nur das Zauberwort 



Sleeps a song in every being 
That exists without effort 
And creation lifts her secrets 
If you find the magic word 

(translated by the author) 



One gets a glimpse of these effects using the principal concepts of Zoological 
Physics: (1) capture the main events with a quantitative model that combines 
physics concepts and biological restriction, (2) look for optima, (3) find limits, and 
(4) separate primary causes from secondary effects. In Sect. 11.4 an attempt is 
made to describe the technique and the limitations of such physical modeling, and 
to suggest some additional topics that ought to be discussed in further studies. 
However, the reader should not take the derivations or conclusions as gospel, but 
rather treat the text as a set of methods and backup facts to interpret the actions 
and body designs of animals within the framework of physics laws. And thus it is 
hoped that the principal goals of this book shines through: to present physics 
models which give a deductive perspective that adds to the inductive method of 
observational biology, and to guide the reader towards developing his or her own 
zoological physics models. 



11.1 Physics Enables Within the Framework of Biological Restrictions 
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11.1 Physics Enables Within the Framework 
of Biological Restrictions 

The essence of living organisms is to assemble and continuously exchange with 
the environment the inorganic components of the cells, and to maintain (through 
metabolism) the essential parameters such as concentrations of molecules, ions, 
temperature, and pressure within narrowly defined limits. Life functions are en- 
abled by controlling the fluxes associated with these parameters: food consump- 
tion to maintain the metabolic rate, charge fluxes to conduct signals in nerves, 
heat fluxes to maintain the body temperature, mass fluxes in body fluids to trans- 
fer materials throughout the body, and diffusion fluxes to feed every cell of the or- 
ganism, thus enabling the activities of the body. 

These processes obey the laws of physics and they occur within the limits set by 
biological restrictions. Physics laws help in the process of evolution, they mold the 
fitness landscape of organisms. The physics laws in question are the mathematical 
formulation of physical concepts dealing with energy and information. The bio- 
logical restrictions have dissipative character. They are related to the metabolic 
rate, to the muscle efficiency, to the strength of materials, to transport coefficients, 
to molecular processes in the genes, and to information processing rates of sens- 
es, nerves, and brain. Some of the essence of physics content is conveyed by non- 
dimensional numbers. The power of physics principles is also illustrated by the 
process of co-evolution. 



11.1.1 Physics Concepts 

The physics concepts discussed here can be divided into energy related topics 
(metabolism, energy conversion, forces, flow, and the physics of getting around), 
and principles connected with the acquisition of information carried by light, 
sound, and electric fields. 

In Chap. 1 we described concepts dealing with eating and heating. Animals con- 
sume food (with the chemical energy Ah J/kg ) at a certain rate, which depends on 
the body mass M. This metabolic rate F 0= is the principal biological restric- 
tion on life functions. Pound by pound, the specific metabolic rate y=riM de- 
creases with body mass 7= F/M 0= There are other allometric scaling laws for 

body parameters / that can be written in the form /oc M® such as the lifetime 
foe During its lifetime Tan animal consumes the energy 'ZE=jF df. This en- 
ergy is related to the increase of entropy in the universe caused by the animal, 
hence F places a time scale onto the second law of thermodynamics. Since the 
body temperature T is narrowly confined the specific lifetime entropy increase 
As = AS/M=Z£/Mr=7-T/T=constM“'h-M'h/M is approximately the same for 
all animals. 

Chapter 2 deals with energy and temperature. Heat AQ that is released in the 
metabolic process can be converted into work AW (force F times distance As) and 
internal energy AI 7 , which increases the body temperature. The conservation of 
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energy (first law of thermodynamics) demands AQ=AW^+Af 7 . The biophysics of 
muscle tissue restricts the efficiency t] at which chemical energy AH released as 
heat can be converted into mechanical work. The fraction AU={i-T])AQ must ap- 
pear as an increase of the internal energy. The internal energy U, depends on the 
temperature T, which must be controlled within narrow limits: for life in general 
between the freezing and the boiling point of water, and for warm blooded ani- 
mals within a few degrees of 36°C. This control requires careful management of 
conduction, convection, and radiation. 

Chapter 3 deals with forces and structures. Newton’s third law demands that 
forces occur in pairs. Body structure must withstand all force. There are static 
forces, like gravity and pressure that can be found in inanimate as well as in living 
matter. Biological restrictions on forces and structures arise from the magnitude 
of muscle forces (with typical values /^z-io^N/m^), and the elastic response of 
materials. Some forces only appear when objects are in motion and are called dy- 
namic forces. To stand up to various forces, all body dimensions scale with body 
mass in certain way. 

Chapter 4 describes how fluids move through the body, by diffusion and con- 
vection. The conservation of mass requires that fluids move fast when they are 
squeezed through narrow vessels. Bernoulli’s equation yields the pressures need- 
ed to to make the fluid flow when friction is negligible. Hagen Poiseulle’s relation 
holds when the Reynolds number is small and friction becomes important. Mate- 
rial parameters like the diffusion of gasses through cells, viscosity of blood, and 
the oxygen-carrying capacity of red blood cells, are the biological restrictions of 
fluid flow. 

Chapter 5 deals with motion. Motion may be analyzed with the help of the con- 
servation of energy. However, one must realize that the conversion of energy from 
one form to another can only proceed at well-determined transfer times. The gen- 
eral form of motion analysis is based on Newton’s second law, the conservation of 
momentum. Forces must be applied for an object to move. Many movements of 
body parts must be treated as relative motion: a foot is connected to the lower leg, 
which articulates about the knee, which in turn swings from the hip that is travel- 
ling at the speed of the whole body. Biological restrictions are imposed on motion 
processes by the strength of bones, tendons, and cartilage, by the speed of energy 
transfer, and by the strength and frequency at which muscled forces can be de- 
ployed. 

Chapter 6 is concerned with locomotion, where arms, legs, and flippers swing 
periodically. There are dramatic savings in energy when the locomotion frequen- 
cy is properly tuned to the appropriate internal resonance. Different gaits accom- 
plish such tuning. Fish have acquired body aspect ratios where drag forces are 
small. Birds need a minimum flight velocity to stay aloft. Biological limits arise 
here due to the finite mechanical power that can be released from metabolism. 
Very big birds can never fly. 

Chapter 7 describes the information fluxes that animals have learned to har- 
vest. Light and sound are wave phenomena that have many common features, like 
the definition of intensity 7 [Watt/m^], phase speed, refraction, diffraction, scatter- 
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Table 11.1. Physical concepts and biological restrictions 



Chapter 


biological restrictions 


physics concepts 


1. Food 


metabolic rate F=aM“ 
7 ~'/T=entropy production rate 


mechanical power of animals P=rjr 
entropy 


2. Heat 


thermal conductivity K 
minimum of energy waste 
energy efficiency 
efficiency at maximum power 


AQ=A[ 7 + AW, food energy, heat AQ, 
internal energy A [ 7 , phases 
mechanical energy AW, 
equation of state U= U{T), T temperature 






conduction, convection, radiation 


3. Force 


body shape, arrangement of bones, 
muscles, and tendons 
material strength y, scaling 
specific muscle force^=2-io5 N/m^ 
efficiency ^ function of 

the muscle contraction speed 


statics: ZF=o, Zr=o, 
free body diagrams, 
compression, tension 
various forces (static and dynamic) 


4. Flow 


haemoglobin: i cm^ air holds as much 
0^ as 1 cm^ blood 
red blood cells d=io pm 
viscosity, diffusion constants 0^ 
concentration in air and water diffusion, 


conservation of mass in fluid flow 
Reynolds number Re 
laminar, turbulent flow 
Bernoulli, Hagen Pouiseulle 


5. Motion 


strength of muscle forces, tendons, 
bones cartilage; protect body parts (brain) 
against excessive acceleration 


conservation of momentum ^F=Msa 
relative motion 

conservation of energy ^ energy time scales 


6. Loco- 
motion 


move body parts in resonance, 
metabolic power 


fly, swim, walk/run, 

different gaits, tuning of resonance 


7. Waves 


phase velocity in materials, n 
attenuation of light and sound K 
solar spectrum 


waves: phase velocity v, intensity 7 , 
propagation direction; refraction, 
diffraction, scattering, absorption 


8. Light 


sensors for light and infrared 
biological mirrors, n{X) of bio-materials, 
bio-luminescence 


photons, diffraction limit 
light collection and lenses 


9. Sound 


ears, detect pressure fluctuations, 
Fourier analyze, tissue impedance, 
voices, sonar, Sofar channel 


intensity, sound level, particle oscillations, 
pressure fluctuations, diffraction limit, 
Doppler effect, impedance matching, Z=pv 


10. E&M 


cells, action potentials 

natural batteries, nerve conduction speed, 

diffusion limited production of biological 

£-fields 


£-fields, 

circuits, resistors, capacitors 
B-fields 



ing, and absorption. Restrictions beyond physics laws in this area are associated 
with refractive indices of biological materials for light and sound, and by environ- 
mentally modified absorption coefficients. There must also be a lower limit of ca- 
pability for the senses, nerves, and brain to collect and evaluate information, 
which is likely related to the rate of change d/df of the scaled information intensi- 
ty A7/7. 
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Chapter 8 discusses how various eyes collect and focus light, and how light 
waves are really torrents of photons. Each photon is associated with a specific wave 
length, which implies a diffraction limit. Special eyes are described, as well as 
tricks that animals use to become invisible with light. In response, predators have 
found ways to see the invisible ghosts with the help of polarizers in their eyes. The 
biophysics of photo detector properties, polarizing materials, reflectors and bio- 
luminescence goes beyond the scope of this book. 

Chapter 9 deals with ears and voices, and why the sound intensity is so drasti- 
cally reduced when sound travels from the air into the inner ear. Concepts of in- 
tensity and impedance are explained. Numerous animals have learned that sound 
can be produced easily. The pitch of voices has to do with the size of the vocal or- 
gan. Voices are not only used for communication but also for sonar beams that re- 
places light thereby enabeling some animals to see in the darkness of the night or 
at the bottom of the ocean. Strong sonar beams even become lethal weapons. The 
impedance of tissue and bones, the functioning of the cells that convert minute 
pressure fluctuations into acoustic nerve signals of a wide frequency range, and 
voices, are the limiting biological parameters of acoustics. 

Chapter 10 reminds the reader that all cells are charged batteries or capacitors, 
and nerve cells serve as conductors for traveling charge waves thus establishing 
communication inside the body. Ohms law, and the rules of charging, and dis- 
charging capacitors apply. Cells are charged by the metabolism which establishes 
the ion concentrations inside the cells. Electrical signals due to the flow of ions like 
Na"*; Ca'’"’; K"*; is therefore closely tied to the metabolism. 



11.1.2 Fitness Landscape Molded by Physics 

Live evolves through successful errors, where deviations from the old norm are re- 
inforced by positive feedback from the environment. Every new form is a mistake 
compared to the body design of its parents. However, not always sticking to the 
script can be the secret of success. Error is the chisel of evolution. Body mass, ener- 
gy, and information are the three cornerstones of life: information to shape the 
body mass, and energy to operate it. Information controls the actions and directs 
the construction of the body, but without energy no action can take place. Energy 
is the fuel of life, and it governs the ability to move, stay warm, and procreate. 

Life has an extraordinary ability to maintain successful features. What worked 
once is not easily abandoned. At the same time, life possesses a vital originality 
and opportunistic inventiveness. The environment is subject to never ending 
changes. Each life form must adapt to it in its struggle to survive. Too much rigid- 
ity means losing the touch to reality, death may occur by calcification. Too much 
experimentation has the opposite dangers: most mutations are mistakes. The im- 
proved survival of the few is bought with the demise of the many unsuccessful 
variants. Between these poles of conservatism and experimentation life has man- 
aged to find for each environment a nearly optimum solution - over the dead bod- 
ies of countless unsuccessful mutations. 



11.1 Physics Enables Within the Framework of Biological Restrictions 395 

When one considers the multitude of combinations that can be stored in the 
genes the impression might arise that life could operate in uncountable ways, and 
that an infinite number of combinations of form, function, and design exist. How- 
ever, the laws of macroscopic physics impose severe limitations on form and func- 
tion. Organisms in general have evolved several evolution strategies. 

1) Minimize the total energy consumption, make best use of the food supply. 

2) Extend the living space to access new energy resources. 

3) Modify the body form to generate the least mechanical losses. 

4) Evolve material properties towards optimum values. 

5) Increase the reaction speed by choosing the best operating temperature. 

6) Increase the information from the surrounding by better senses and brain. 

7) Find better ways to hide. 

8) Become utterly undesirable for any potential enemy. 

9) Increase information through language and education. 

10) Use more appropriate physics. 

These principles help in the selection of the survival of the fittest and thereby 
shape the path of evolution. 



11.1.3 Examples of How Physical Principles Are Utilized 

To illustrate how physics enables life functions, the gist of examples from every 
chapter is summarized. 

Energy and Temperature: Homeotherm animals eat in order to generate me- 
chanical energy and to stay warm. The body chemistry operates most efficiently at 
temperatures of about 3/°C. Therefore, higher animals are warm-blooded. (1) The 
first law of thermodynamics shows that heat is generated as a byproduct when 
work is done. This heat can be used to warm the body: to stay warm in cold cli- 
mates animals activate their muscles. (2) Animals make sure that they are well in- 
sulated with materials of low thermal conductivity. Air has the lowest values, so 
animals in cold climates surround themselves with layers of air, trapped within fur 
or feathers, two equally effective materials, invented independently by birds and 
mammals. (3) Sometimes it is advantageous to allow parts of the body to stay cold. 
Seabirds live with cold feet; tuna fish exist with cold hearts and warm muscles. 
Heat transfer by convection and counter-flow heat exchangers are employed by 
these critters. (4) Heterotherm animals must rely on the environment to reach the 
best working temperatures. Snakes and lizards wait for the sun to warm them up. 
They need less metabolic energy than warm-blooded species, so they can get by 
where food is scarce. However, they could easily fall prey to warm blooded carni- 
vores. A yardstick for energy use is efficiency rj, the ratio of work W performed to 
energy Q used in a process. 

Features of Body Forms and Forces offer another glimpse into the benefit of 
using good physics. (1) Fish can control buoyancy by the use of a swim bladder. 
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More ancient species like sharks do not possess this organ. They must be in con- 
tinuous motion. (2) The elasticity of tendons and ligaments plays a role in coun- 
teracting gravity forces and serve to temporarily store energy thus saving energy 
in locomotion. (3) The insignificant force of surface tension opens a niche for 
many species of small insects that walk on water. (4) All large structures must be 
composed of elements that can withstand tension (like skin and tendons), and 
other elements that can withstand compression (like bones, or shells). A yardstick 
for the properties of materials is Young’s modulus Y, the ratio of stress FI A over 
strain AL/L. (5) All larger animals developed bones or shells, which are cheap and 
effective. (6) Mobile animals adopted streamlined shapes that offer the least re- 
sistance in swimming, and flying. A yardstick for motion effective form is the drag 
coefficient Cp, the ratio of drag force to Bernoulli force 0.5 pAu\ 

Fluid Flow in the Body mainly serves the exchange of material and heat. (1) 
Chemicals like oxygen and carbon dioxide, travel in the same vehicle; the hemo- 
globin molecule, which rides in red blood cells, is imbedded in the convective flow 
of the blood. (2) Laminar fluid flow is maintained where the fluid resistance is low. 
(3) Diffusion is employed in the terminals of the blood traffic lanes: the lung and 
the capillaries. The lung is a marvel of design with a huge surface area, pressed 
into a small volume. (4) The heart is a very efficient pump that achieves on aver- 
age about three billion cycles, approximately 100 times more cycles than an auto- 
mobile spark plug, or other technical devices. A yardstick of fluid flow is the 
Reynolds number Re, the ratio of inertia forces over viscose forces. 

Many physics tricks are apparent in Locomotion. (1) Limbs are designed with 
small mass moments of inertia. Slender feet and thick muscles close to the hip al- 
low quick motion of legs in birds as well as swift runners. (2) Periodic motion at 
resonance frequencies yield minimized energy expenses. Runners, flyers, and 
swimmers, make use of this technique. Such simple harmonic motion may involve 
potential, kinetic, and/or elastic energy. Motion frequencies should be tuned to in- 
ternal resonance frequencies. (3) Landing with soft limbs, a trick shown for in- 
stance by cats, reduces the impact forces. It gives these animals the ability to come 
down safely in jumps from great highs. (4) Engineers were not the first to invent 
rocket propulsion. Animals, like squid and jellyfish, have practiced it for millions 
of years. (5) Swimming and flying at high speed with Reynolds numbers exceed- 
ing 100 is accomplished by vortex production. Vortices could impede the motion, 
presenting added mass, a burden on the animal, but careful timing of tails, wings, 
and flippers transforms the vortices into structures that help the propagation 
rather than hinder the motion. The yardstick of vortex shedding from an object of 
width D is the Strouhal number St, namely the ratio of vortex shedding frequency 
/to system frequency u/D. 

Of the three necessities of life, matter, energy, and information, the last one 
bears the most profound assistance to the evolution of life on earth. The inherited 
information of the genes fixes what has been successful, but external information 
opens entirely new avenues for life. (1) Much of this comes as data encoded into 
light and sound waves, which tell the organism what is out there, where opportu- 
nities beckon, and where dangers lurk. (2) Information can travel in waves as slow 
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or rapid intensity variation, or as frequency modulation. (3) The waves may be 
scattered, refracted, diffracted and attenuated. Scattering is useful for creating am- 
bient light. Refraction helps to build imaging eyes, diffraction sets limits on the 
visible detail. (4) When these effects are properly applied, an information land- 
scape of the surrounding can be constructed by the senses and the brain. The 
brain can then play out ‘computer games’ to decide which actions are most appro- 
priate and yield the largest energetic cost benefit ratio. 

Light is a steady stream of tiny energy particles: photons. These radiation bun- 
dles carry the minute energy hv. The light intensity can be measured as the num- 
ber of photons of all frequencies vthat pass per second through a target area. (1) 
Most often the photon number is so huge that the light intensity may be treated as 
a continuum. Then the signals encoded in the light beam can be collected and 
read with pinhole eyes to form an image. (2) A small blob of transparent medium, 
shaped as a lens, increases the image resolution by many orders of magnitude, 
while at the same time increasing the collection power of the eye. (3) Infrared 
sensing eyes permit some animals to see in the dark. Lens eyes produce sharp im- 
ages only for a certain distance. (4) To focus onto various distances, the lens must 
either be moved relative to the retina, or the focal length must be altered. Both 
principles are found in nature. (5) A yard stick for the light gathering power of 
lenses is the F number, the ratio of focal length to lens aperture. It can be opti- 
mized. (6) The image contrast may be improved by removing stray light. For this 
purpose animals have evolved ideal mirrors using the principle of interference. (7) 
Light travels freely through the air, arrives instantaneously since its speed is so 
large, but it is extinguished rapidly in water. Deep in the sea where no daylight 
penetrates, bioluminescence in various forms is found. 

Sound is characterized by its speed v, its frequency, and its intensity I. (1) 
Sound helps to identify objects in the immediate surrounding. (2) Sound does not 
travel freely from air to condensed media, due to the difference of impedance Z in 
these materials. Therefore, ears must possess great amplification power. (3) Infor- 
mation travels at many sound frequencies, which ears can separate. (4) With sen- 
sitive ears animals can gather information about distance, direction, identity, and 
intentions of the source. (5) Sound is much easier to generate than light. It maybe 
produced in many different ways facilitating communication and speech. (6) 
Sound can be used for active seeing. This is sonar. (7) Sound can become a weapon 
for scaring off attackers, or stunning prey. (8) The social fabric of higher animals 
and humanity is knitted together by sounds and language. 

Electric Fields appear as byproducts of living cells. (1) They play a role in nerve 
conduction. (2) Some animals have evolved electrical senses. These yield informa- 
tion in situations where light and sound fail: in muddy, turbulent waters, at the 
bottom of streams, in the depth of the oceans. Even the weak Magnetic Field of the 
earth contains information that help animals to find their way, or detect the speed. 

Thus every field of classical physics has enabled animals to exist, strive, and 
evolve. 
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11.1.4 Non-Dimensional Numbers and Scaling Relations 

Physics provides much insight through ratios and non-dimensional numbers, and 
scaling relations. They are initially introduced to characterize structures, materi- 
als, and phenomena. But they have the added use to distinguish the important ef- 
fects from the less important parameters. Such numbers have appeared in every 
chapter. 

In Chap. 1 allometric scaling relations are given that allow sweeping conclu- 
sions about animal performance based solely on their body mass M. Most signifi- 
cant for the whole text is the metabolic rate F. The metabolic rate F controls the 
activities of the entire body. The life supporting energy mostly comes from the 
sun. Instead of letting the sun energy increase the background entropy immedi- 
ately, organisms keep the energy for a while to support their life functions. Hence 
F is proportional to the rate at which an organisms contributes to the increase of 
entropy in the universe. 

In Chap. 2 the efficiency rj is encountered, which describes the ability to gener- 
ate mechanical work out of heat. If an organism has a high efficiency t] it is capa- 
ble of generating mechanical power effectively. 

In Chap. 3 Young’s modulus Y, the ratio of stress over strain is discussed, which 
characterizes the tissue elasticity. Scaling relations for limb dimensions are given. 
Young’s modulus of tension Y in spider webs is matched to the task at hand, soft 
for the orb, and elastic and strong for the drag lines. The Strouhal number St= 
fD!u=D IX is mentioned, namely the ratio of the lateral dimension D of an object 
and the wavelength of the vortex street that it causes in a flow of speed u. Strouhal 
numbers describe the size and frequency of the vortex production. Further dis- 
cussed in this chapter is the ratio of the drag force to the Bernoulli force VzAp 
called the drag coefficient Cp. The drag coefficient Cp can be altered by body as- 
pect ratio. It has a minimum at a certain aspect ratio. Mechanical energy can be 
saved if the organism is built with this optimum aspect ration. 

In Chap. 4 the Reynolds number Re is given, namely the ratio of inertia forces 
to viscous forces. At low Reynolds number only friction is important. At Re > 50 
vortex shedding occurs, which is a principal lift mechanism in hovering flight. 

In Chap. 6 more use is made of the Reynolds number and one encounters the 
Froude number Fr, defined as the ratio of centrifugal forces to gravitational forces. 

In Chap. 7 the index of refraction n=cjc. A high index of refraction n helps to 
build lenses with high refractive power and short focal lengths. 

For the formation of images, described in Chap. 8, the number of photon plays 
an important role, namely the intensity of a light beam divided by the photon en- 
ergy. The number of image points for a lens eye is calculated as the ratio of image 
area divided by the diffraction limited pixel size. In this derivation the F-number 
fID, appears as a factor. Low F-numbers characterize lenses with high collection 
efficiencies. 

In Chap. 9 higher harmonics n^=f jf^ of the fundamental frequency in acoustic 
resonators are described. Higher harmonics n-^ in resonance contribute to the rich- 
ness of sound. The intensity I of sound is characterized by the sound level j 3 = 
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10 logjQ( 7 / 7 jj)and the impedance ratio ZJZ^, which controls the transfer of sound 
from one medium to another. The sound level j 3 reveals if sound may be used for 
communication or as a weapon. 

In short the knowledge of the magnitude of such scaled quantities often is the 
first step in describing the performance and the actions of animals. 



11.1.5 Co-Evolution 

In the human sphere an inventor often acquires a patent to claim sole possession 
of a new idea. In the animal kingdom inventions often are in the air when the time 
is ripe. Suddenly many organisms seem to acquire similar or matched capabilities. 
Just as new and similar styles are adopted by fashion designers and automobile 
makers, as if they all had read the same script. 

This principle of multiple and independent inventions is superbly demonstrat- 
ed by co-evolution. There are numerous examples of new inventions that have 
been independently made by animals of different phyla: lens eyes of vertebrate 
and octopus, the flukes of whales and tails fins of fish, wings of birds and bats. 
Fig. 11.1. 

Such similar forms appeared in the animal kingdom because the laws of 
physics called for nearly identical designs. 
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11.2 Optima and Limits 

Animals have diverse requirements and many physical constraints. Important pa- 
rameters are body mass, shape, temperature, position in space, speed, pressure, 
wave lengths of light, frequencies of sound, and intensities to name just a few. 

Some of these parameters have stringent limits, others can be optimized in the 
attempt to save energy or optimize the information flux. Indeed, occasionally such 
optimization may even occur to satisfy conflicting demands by utilizing different 
ranges of an accessible parameter space [Davison and Shiner 2003]. But in the end 
evolution is a constant struggle to overcome limitations and to find ways to im- 
prove the optima just by the trifle of difference. 



11.2.1 Size and Mass Ranges 

The limits on body mass imposed by physics show up in many chapters. Often 
there is a minimum, and also a maximum mass for a particular body design, dic- 
tated by thermodynamics, statics, and dynamics. Fig. 11.3. 

Big animals have less power per unit mass, and less surface heat losses. They 
can survive in cold climates but never have the agility of smaller animals. Warm- 
blooded animals need a minimum size. Fig. 11.2a. For birds it is about the size of a 
chickadee. Sect. 2.4.3. Insect bodies are too small to carry insulation. They can 
never be homeotherms. However, as a group (e.g. a beehive) they may well act like 
a warm blooded animal. Organisms larger than about 1 pm need an internal con- 
vection system for the transfer of nutrients and the removal of wastes and heat. 
Sect. 4.1.3. Eucariot cells can get by with diffusion, but insects and vertebrates must 
pump fluids through their body. Fig. 11.2b. 

No organism heavier than a few grams can walk on water. The biggest water 
striders, which measure a few centimeters in length, tempt the limit of surface ten- 
sion, Sect. 3.3.6. The legendary King Canute did not really walk on water. Big apes 
cannot swing through half arcs from branch to branch. Sect. 5.2.4, because cen- 
trifugal forces would pull their fingers from the handhold. 






Fig. 11.2. (a) Insulation thickness AR ot birds as tunction ot body mass M. (b) Diffusion 
limit, (c) Flight limit 
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Birds larger than about 15 kg cannot take to the air, Sect. 6.3.2. Condors and 
mute swans reach this limit, while the emu, the ostrich and the now extinct Moa 
belong to the group of flightless birds (Fig. 11.2c). 

No animal has eyes to resolve structures of the size of a virus, which are much 
smaller that the wavelength X of visible light. Light waves can only depict struc- 
tures larger than A, Sect. 8.2.6. 

Eyes for focusing under water need large apertures A to collect low intensity 
light and small radii of curvature R, to compensate for the fact that the index of re- 
fraction of water is close to that of lenses. The limit of small radius of curvature, 
and large aperture for any lens, is the spherical form. Fish eyes have this design. 
Sect. 8.4.3. 

The perception of sound is limited by the noise of thermal background motion. 
Ears of many animals have sensitivities reaching this limit. Sect. 9.3.3. Sounds are 
easy to make in a variety of ways, and sounds can carry signals. 

Low frequency sounds, with large wavelength carry the farthest. That is why 
elephants and whales communicate with sound frequencies of a few Hertz, well 
below the threshold of human hearing. Sect. 7.3.4. They can make such low sounds 
because their bodies are large. Small bodies can only generate short wavelengths, 
or high frequencies. Hearing on land is complicated by the fact that only a very 
small fraction of sound energy is transmitted from the low-density air, into the 
water like body. Sect. 9.2.6. 

Only after ears with large signal amplification had evolved could sound in air 
be perceived. However, once this hurdle was overcome, new opportunities arose in 
the evolution process of sound production and hearing. Animals evolved that pos- 
sessed complete sonar systems, allowing their owners to see with sound, and even 
to determine the speed of their prey. 



11.2.2 Living Space Ranges 

On a macroscopic scale, the living space of all known organisms that we know is 
the earth. It is located within the water shell or the life belt centered about the sun. 
Fig. 11.4. It is the range where liquid water can exist. Sect. 2.4.1. On earth the water 
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zone stretches from the Polar Regions and high mountain ranges to the waterless 
deserts. Animals in higher latitudes on the globe cope with the seasons by migra- 
tion, or hibernation. Animals in arid regions use the daily temperature variations 
to persist in extreme locations. 

Some ranges of the ocean are void of life for lack of light or nutrients. Yet once 
in a while an organism finds a way to cope with harsh living space conditions, and 
then strives due to absence of competition. 



11.2.3 Information Limits 

All higher animals collect information through senses to make them aware of 
their surrounding. Light, sound, and smell are the favorite data carriers. 

Giant squid have pushed the limits of light collection to an extreme. Their huge 
eyeballs gather every photon at the bottom of the sea. They even have ink, an op- 
tical camouflage, to keep their soft bodies hidden from would be attackers. Single 
photons are the absolute lower limit of optical information bits. Even the human 
eye is capable of detecting single photons. Eyes reach the single photon sensitivi- 
ty threshold; they could not be made more sensitive. 

Sound is an organized vibration of the carrier medium. It does not travel 
through vacuum. Every medium is composed of atoms. Atoms are always agitated 
to some degree by thermal (Brownian) motion. The energy in this thermal noise 
is minute. It measures in k^T, where kg is the Boltzmann constant, and T is the 
temperature. Sound waves can only be distinguished if the kinetic energy in the 
vibrations is larger than the thermal noise. The ears on humans and other animals 
reach this thermal noise threshold. It is the physical limit of sound detection. 



11.2.4 Energy Transfer Time Limits 

The conservation of energy demands that no energy can ever disappear. Energy 
transfer is an effective way to reduce energy budgets. However, energy transfer 
takes time. Motion time scales must be tuned to energy transfer time scales. 
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In locomotion all animals generate and destroy kinetic energy, when they ac- 
celerate and decelerate their limbs. The energetic cost of transport can be substan- 
tially reduced, if part of the kinetic energy can be temporarily transferred into 
elastic or potential energy and reclaimed as kinetic energy in a subsequent mo- 
tion phase. However, energy flows at certain fixed rates, see Sect. 5.1.7. It takes a 
certain time Af to transfer a certain amount of energy AE. Therefore, intermediate 
energy storage only works if the motion phase available to the energy transfer is 
long enough. Alternately explained, the motion frequency must be matched to 
the internal frequency associated with the energy storage mechanism. All peri- 
odic processes therefore occur in resonance. In fact, animals have found some 
ways to tune their internal resonances and adjust them to the desired locomotion 
frequencies. 



11.2.5 Optima 

Each individual body form seems to be an exquisitely shaped optimum to fit its 
niche in the biosphere. Looking closely, one can see that animals use the laws of 
physics ingeniously and often in a way to get by with a minimum of energy, and a 
maximum of information. 



F/2F„ (a) (b) 




Fig. 11.5. (a) Lateral force F that can be supported by stretched spider silk. is the break- 
ing strength of one strand, (b) Total drag force composed of skin friction and hydro drag as 
function of aspect ratio D/I 



Examples of optima have been discussed in detail in the text. Some pertinent 
relations are sketched out here in a few examples. 

Dragline spider silk. Sect. 3.8.4, stretches to ALIL~40, or L/L^=^2, see Fig. 11.5 a. 
At this stretch the deflection angle is about 45°, and the lateral force that can be 
supported is a maximum at about 59% of the breaking strength 2E^ of two strands. 
For smaller deflection angles, the tension in the strands gets increasingly larger, 
for larger deflection angles the draglines are stretched so much that the cross sec- 
tion decreases significantly. 

Fish can be described by their body height D and their length L. Fast fish have 
acquired quite similar body shapes. Sect. 3.4.4. Their aspect ratios X=DIL are ap- 
proximated as 0.25, with distinct tendency towards smaller A- values for larger 
masses. This aspect ratio yields a minimum for the total drag. Fig. 11.5b. 
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Fig. 11.6. (a) Resonance, (b) Fish eye lens 



(b) 




Of particular use in many different settings is the resonance of driven periodic 
motion, Sect. 5.3.5. If there is a free choice of frequency, the resonance frequency is 
always preferred because it yields the largest amplitudes for a given applied force. 
Resonance plays a role in walking, running, flying, voice production, hearing, and 
light detection. Fig. 11.6 a. 

The collection power by lenses is optimized when the lens is shrunk into a 
sphere. This is realized in fish eyes. Sect. 8.4.3, which have a gradually varying in- 
dex of refraction n=n{r) that generates a sharp image point. Fig. 11.6b. 

Finally, the selection of the size L~^o nm of the ferromagnetic crystals in 

magnetotactic bacteria is also an optimization. Sect. 10.5.3. Smaller Fe^O^ crystals 
are no longer ferromagnetic. Larger crystals break into different Weiss domains 
with different orientation, which can only be lined up by external magnetization. 
In the unmagnetized state their average magnetic moment is smaller than that of 
the single domain 5onm crystals. A chain of single FfijQj crystals of L~50 nm, 
which magnetic bacteria carry in their bodies, has the highest possible magnetic 
moment. 



11.2.6 The Phase Space Arena of Organisms 

Organisms and their life functions can be described with physical parameters 
such as temperature T, length L, mass M, lifetime f, pressure p, etc. Consider an n- 
dimensional phase space with these parameter axes. Then one can imagine that all 
life forms are suspended in a donut-shaped volume of this n-dimensional param- 
eter space of organisms, marked in Fig. 11.7. 

Physics principles dictate a range for every one of these parameters in which 
life can flourish. Examples were given throughout the text for limits on the param- 
eter body mass. Position in space is also limited, each species has a certain living 
space on earth, which is closely connected to an acceptable temperature and pres- 
sure range. Organisms are generally restricted to the temperature range of liquid 
water, and to ranges of the ambient pressure. Ranges are also imposed on the ac- 
cessible information. Physics determines the range of light wavelength and 
acoustic frequencies that can be detected. Physics also restricts the minimum size 
of information bits in the acoustic and the optical realm. 
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Many new achievements in the evolutionary chain push the phase space vol- 
ume a bit further out, yet without fail, new limits are set by the laws of physics and 
the magnitude of material constants. 

Consider for instance the temperature range in which life can flourish. Organ- 
isms are found in the entire interval between the freezing and boiling temperature 
of water. The edges are not sharp because some critters with antifreeze in their 
body can live on ice below o°C. Certain bacteria are found in hot thermal vents at 
the bottom of the ocean at temperatures of io6°C. Within this range higher ani- 
mals prefer to maintain their bodies at 3 /°C where the life functions are opti- 
mized. But other conditions may come into play. For instance the phytoplankton 
in the oceans, which is the bottom of the food chain nourishing all higher animals, 
grows most rapidly in the frigid waters of the Arctic and Antarctic during the 
summer months. Here daylight is much longer than in the tropics, and the cold 
water suspends more oxygen than warmer waters, so that these microscopic 
plants have all what they need to grow rapidly: 0^ and sunlight. 

Life has experimented with myriads of design plans that often went to the lim- 
its of this phase space, models that could not meet the boundary conditions of the 
constantly changing geological world were discarded, leaving untried a probably 
even larger number of embodiments. Of course today’s animals look much differ- 
ent than the first critters that roamed the earth. But the fossil records reveal that 
significant steps of evolution were often enabled by innovative uses of physics that 
had so far not been employed. As if the reward of mastering a new physical prin- 
ciple was a superior edition of an old design. Already at the time of the T-rex, this 
year’s edition made last years model T look like an old dog. 



11.3 Overcoming Limitations: 
The Workshop of Evolution 



The fourth major point of Zoological Physics research - that new physics tricks 
become stepping stones for evolution - is only indirectly documented here. 
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One cannot fail to notice that physics rules supreme and governs the design 
and the actions of all animals. From this perspective physics becomes the gram- 
mar in the book of life that explains and links the zoological pictures. It seems that 
physical inventions are made quite independently at various levels of evolution. 
There is a continuous struggle between aggression and defense, where the stakes 
are raised in terms of physics sophistication. The workshop of evolution shows the 
continuous attempt to overcome limitations. Critters do not like to take no for an 
answer. Co-invention can be seen in such organs as wings or eyes. From the arms 
race of senses, one can read the arrow of time in the sophistication of the acquired 
physics. This observation also suggests that biospheres, which might exist on oth- 
er planets in the universe, should likely evolve similar models of body and organs, 
like eyes, flippers, and wings, as we have here on earth. The laws of physics rule the 
inanimate world from atoms to stars. They also govern the body design of ani- 
mals, and influence the actions of all living beings. 



11.3.1 Measures and Countermeasures 

Much of evolution hinges on increased sophistication of the use of physics laws. 
However physics is free to be used by anyone. The aggressor-defender arms race 
never stops. Some physics tricks can be annulled by physics countermeasures. 

For example, bats learned to use sonar to detect prey that was previously hid- 
den in the darkness of the night. However, eventually the moths that bats like to 
eat invented acoustic countermeasures, namely noises that jam the bat sonar. 

Another example is the visibility of small and slow animals in the ocean. It is 
not easy to hide in the vastness of the sea. One possible trick is to become trans- 
parent - invisible. Jellyfish do it. They try to transmit and scatter light just like the 
medium water in which they live. Transparent as they are, they still scatter more 
light than the surrounding water. If sunlight is scattered at a right angle, it be- 
comes polarized. Then the eyes of clever predators of jellyfish have adapted to rec- 
ognize polarized light. Now the disguise of the jellyfish disappears and they be- 
come visible again to the better-equipped predators. 



11.3.2 New Territory 

Animals are fiercely territorial. Living space is the first condition for survival. The 
strongest individua claim the best traditional space right at the center. The weak- 
er ones move as much as possible into previously unoccupied areas and into 
untested waters. Eventually every acceptable spot is taken. But what is acceptable? 

New opportunities always beckon at the edges. Change your taste, change your 
habits, and change your body ever so slightly in response to new circumstances. 
Suddenly a desolate spot becomes hospitable for the modified species. Of course 
there are limits: there shall be light, and water, and ambient temperatures between 
0 and ioo°C. But wait, what about the critters near the thermal vents at the bottom 
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of the ocean? There is no light. Instead the organisms at the bottom of the food 
chain extract energy from the heat of the thermal vents, and not by capturing pho- 
tons. What about the Galapagos finches, who live on islands without potable wa- 
ter? They replenish their body fluid by picking at the head of chicks of seabirds 
nesting there. What about small insects living on the ice, why does their body flu- 
id not freeze up, rupturing body tissue with ice crystals? Antifreeze of course! 
They have chemicals in their body that lowers the ice point, below the ambient 
temperature. 

Darwin’s message that the merest trifle of advantage would drive evolution was 
cited at the beginning of this chapter. Since Darwin we have learned that the ac- 
quisition of new physics yields such advantages. Time and again the new models 
outperformed and displaced the old dogs. While we can clearly see the direction of 
evolution, and with some fantasy might even predict what else might come, pro- 
vided mankind does not untimely destroy the habitat on our planet, the length of 
time steps of the evolution are harder to predict. 

The animal kingdom is full of surprises. When one begins to look with the eyes 
of a physicist at the embodiments and the actions of animals, there arise many op- 
portunities to ply the trade of a physicist: either to interpret what is there, or to 
speculate what could be there, and then look for the critter that has already done 
it, or just to suggest new experiments to the natural observer of animals. 



11.4 The Open Door 

This book was initially written as a teaching exercise to show how Physics com- 
plements the understanding of zoological problems. However, quite a number of 
the examples turned into research activities. The most important general lesson is 
that Physics restricts, or enables life functions, and that life functions and choices 
of organisms in turn limit the range of physical options. 

The strength of Zoology is observing and reporting in great detail the design 
and behavior of animals. The strength of Physics is to make accurate predictions 
about grossly simplified model structures. This is an open door behind which 
loom new opportunities for gaining further insight. In writing this book a few 
rules for generating such zoological physics models became apparent. Most mod- 
els are lower order approximations to more complicated problems, like tangents 
representing the local slope of curves. Different models may disagree when they 
represent different points of view, like the slope of the tangent on a circle taken at 
12 o’clock and at 3 o’clock differ by 90°. Models are always less than the reality but 
they give quantitative results and they open the mind to advance the understand- 
ing of recalcitrant problems. 

The opportunities for further research in Zoological Physics begin with in- 
quiries about body design or functions of animals. Some obvious or provocative 
questions are posed in the last section of this chapter. 
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11.4.1 Elements of Zoological Physics Modeling 

In order to analyze a body design or the function of an organ from the physics 
perspective, one must first have a clear picture of the biological function of the 
subject, and one must establish the important physical principles. A good Zoolog- 
ical Physics model translates and simplifies the requirements of biological activi- 
ties into one or more equations between physical quantities. Then this set of equa- 
tions is reduced into a single relation for a particular biological parameter (for 
instance the speed needed for a bird to stay aloft). The construction and testing of 
a model involves the following steps: 

• Make two lists, one of the biological functions and another list of the physics 
concepts that might come into play. 

• Write down pertinent physics equations for the concepts found in (i), identify 
biological material parameters that appear in these equations, and express the 
biological constraints (minimum biological conditions that must be satisfied). 
Most biological functions have equivalent physics relations. Recognize that if 
there are more unknowns than equations the system permits choices. Choice is 
an essential attribute of all living creatures (e.g. fight or flight). 

• From this set of equations eliminate as many parameters as possible, and ex- 
press a particular biological parameter /as function of the remaining physics 
parameters p^, p^, p^,... This is your model. The remaining parameters can be 
freely chosen, (for instance an animal may chose to have a certain body mass, a 
certain length of limb, a certain lung displacement, or a certain preferred loco- 
motion speed.) 

• Test the model by choosing values for the parameters pj and calculate the mod- 
el quantity /with the help of your model equation. Compare this model predic- 
tion to empirical values. Make a list of the limitations of the model based on the 
assumptions, and attempt an error analysis. 

• Reassess the model, especially the assumptions. What other body functions are 
affected by the biological system that was modeled? For example the big eyes of 
eagles, fixed in their head necessitates mobility of the neck. Look for limits im- 
posed by physics laws onto the design or the activities of the animal. 

Enjoy what you have been doing, but don’t take your results too seriously. Your 
model likely is a one sided view of a complex life form. It could also well be that 
your results duplicate or contradict details that have long been known to the spe- 
cialists in the field. Remember that your model may have errors in the assump- 
tions or execution. A physical model is just a tool to interpret zoological phenom- 
ena: a viewing glass to look at particular aspects of a complex problem. Along the 
way to unravel the mysteries of the physics of animals there is ample room for a 
physicist to ply his or her trade. 
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A model is not an absolute truth. There may well be other ways to derive similar 
or even identical results. For instance, the refraction of light was explained by 
Huygens as a wave property, and by Newton as a particle phenomenon. As anoth- 
er example the pressure drop with height in the atmosphere. Sect. 3.3.1, can be de- 
rived from mechanics, from the kinetic theory of gases, as a thermodynamic cy- 
cle, and from the theory of diffusion [see Becker 1950]. 

This co-evolution of physics models is somewhat akin to the co evolution of 
animal organs. Since the starting points of these derivations are completely differ- 
ent assumptions one might conclude that all the results should be mutually exclu- 
sive and therefore wrong. The opposite is the case. Most likely all of them carry a 
self-consistent truth. All of them are acceptable partial explanations of the same 
phenomenon. In this vein physics models of animal functions or animal activities, 
constructed with quite different starting assumptions, may converge to the same 
truth. Yet there may also be alternate starting assumptions for describing the same 
animal functions that lead to different solutions altogether. Alternate solutions are 
likely to bring to the fore different aspects of the same phenomenon, and thereby 
advance the state of the art. 

Finally some body functions must provide for multiple uses - like the air flow 
in the lung that serves breathing as well as speech. Then a model that tries to op- 
timize the flow rate for the metabolic needs may be grossly inadequate for speech 
production. 



11.4.3 Some Open Questions 

when looking at such examples of the use of physics by animals, it becomes obvi- 
ous that the same principles have been invented independently by entirely differ- 
ent species. Flying surfaces have evolved from folds of skin in bats and from scales 
growing into feathers of birds. Noise making apparatus evolved from the legs of 
crickets and from the vocal cords of mammals. This is evidence that what is pos- 
sible will be achieved eventually. However, one can see that these applications 
evolve in small steps, never by a stroke of genius that created a fully developed or- 
gan in a giant leap of novelty. Generally only small deviations of the previous de- 
sign are likely to be tolerated by any organisms. While error is the chisel of evolu- 
tion, too large deviations mean certain death. 

Out of these observation arise some questions that could be pursued in the fu- 
ture with the methods of Zoological Physics demonstrated here. 

It should be possible to trace all allometric relations back to physics principles, 
and one should investigate the body mass range where each allometric relations is 
valid. By combining the metabolic rate and the allometric relation for the 

life time TocM^h 

one can derive the total lifetime energy consumption per unit 
mass as = const = C^. What is the significance of the life constant Cj^? 
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Life means action and change. Change requires the expenditure of energy and 
change is associated with time steps At or frequency/. But energy can only flow at 
a certain rate from any given potential form. One must revisit results and conclu- 
sions that are only based on the conservation of energy to see if the resulting ac- 
tions conform to the inherent energy transfer rates. This problem is particularly 
significant for locomotion where energy can be saved by resonance. When a reso- 
nance is identified one should look for mechanisms to tune the natural frequen- 
cies on. 

What is the real cost of information to an organism. It should be calculated as 
an energy conserving exercise. Include must be the energy costs of growing and 
maintaining the sensors and the analyzing machinery. 

When looking at the many forms of co-evolution one may wonder is evolution 
inevitable^ Evolution is the deviation from the previous form, and error compared 
to the old design. After observing the steady progress that animals in every group 
have made as they evolved to higher forms, one might be tempted to suggest that 
there is a systematic sequence of these error steps, some optimization principle by 
which a) the direction, and b) the speed of evolution can be evaluated. There 
might be a way to assess the chance of life on other planets in the universe, where 
living conditions exist. In fact, if there is life on other planets somewhere in the 
universe, then creatures with organs such as lens eyes, wings, ears, bio-lumines- 
cence, and sonar would eventually evolve. 

Is there a physics principles that by necessity advances the evolution of life? 
The genes do not drive the evolution, genes throw the dice, but physics decides 
which throw should count. Genes are the faithful scribes that record the laws for 
the next generation, using the genetic script as convenient alphabet. Since life only 
flourishes if energy sources are available it is likely that successful living means an 
optimization of the total available energy. Squander energy (increase entropy) at 
the least possible ratel This function would include as gains all the energy ab- 
sorbed from food and sunlight, and contain as losses the total operating expense 
of the organism (idling power, locomotion costs, and expenses related to body 
growth and reproduction) as well as the expenses associate with the collection of 
food, and the acquisition of information. In such studies one might want to take 
into account that some early construction decisions might exclude the later adop- 
tion of certain techniques. For instance, since fish do not breathe air they have ap- 
parently foregone the ability to create acoustic, communication education and 
sonar. 

It is an ambitious but very challenging research plan to look for such princi- 
ples. However it is quite unlikely that we will ever quantify in physical terms the 
marvel of emotions associated with love, hate, friendship, and curiosity. 
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Problems and Essays 

P 11.1 The Archer Fish Texotes Sagittarius Trepans 

The archer fish M~ 0.05 kg catches insects that perch on branches above the water, 
by spitting a mouthful of water at them (water bullet, Am=o.ooo7kg) causing 
them to fall into the water. One of these fish, lets call him “Archie”, cruises at a 
depth of 0.06 m underneath a large leaf that has fallen onto the water surface. 
Fig. 11.8. As he emerges from under the leaf Archie suddenly spots a juicy fly 
(measuring 11 mm from toe to wing-tip) sitting on a branch 0.30 m above the wa- 
ter. The edge of the leaf is 0.22 m away from the leaf, as shown. 




a) At which distance Ax from the edge of the leaf can Archie first see his poten- 
tial meal? b) Archie’s eye ball has a diameter of D=i.5 mm. His spherical fish-eye 
lens has the F-number//D=i.28. What is the focal length f, and what is the size of 
the image on Archie’s retina? c) If Archie would stealthily swim to point B and 
shoot, what is the minimum energy that Archie has to impart to the water bullet to 
reach the fly at the height (2=0.30 m? d) If the water bullet must have a velocity of 
2.1 m/s when it reaches the prey in order to knock the fly off its footing, how large 
would the required energy of the water bullet have to be? e) What is the velocity at 
which Archie has to spit out the water in part d)? (Assume that the fish sticks its 
mouth just out of the water surface.) f) The water bullet is ejected by an over pres- 
sure, Ap generated in Archie’s mouth. Determine Ap. (Give your answer in Pa, 1 Pa 
= 1 N/m^.) g) Each meal yields Am=o.oi g of protein. If Archie’s metabolism could 
be described as a point on the mouse to elephant curve, how many flies would 
Archie need to consume in one week? (Assume Ah=^o kj/g of protein.) h) Consid- 
er the energetics of this hunt. Suppose Archie hits, and eats his victims in one out 
of 12 attempts. Is the exercise worth the energetic effort? Take into account that 
Archie has to swim around to spot the flies in the first place. 
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P 11.2 Size and Sound of the Past 

The paleontologist Dr. Saurophil junior finds the partially preserved remains of 
Parasaurolophus Clavacauda Curzonii, Fig. 11.9. Dr. Saurophil records some data 
in his sketchbook. A copy is reproduced below. This animal had small claw-like 
front legs and very large hind legs on which it balanced its massive body. The head 
was supported by light neck bones 2.2 m long as shown and held in the extended 
position by strong tendons. From attachment points on the bones one can deter- 
mine that the tendons had a cross section of 6.0 cmh The neck bones are anchored 
at a point about 1.2 m below the tendon attachment point. The head is only partial- 
ly preserved, but it shows a crest tube which obviously served as an organ pipe like 
resonator that was closed at one end. The tube is angled, defining a 0.45 m long 
open front section, and the 1.45 m long closed tube end. The slender tail ended in 
a massive maze like ball of mass M^=40 kg, carrying two vicious spikes to fend of 
attackers. Most of the tailbones are lost, but the tendon attachment point indicates 
a cross section of 4.5 cm^ and the tailbones are linked from a point 0.5 m below the 
tendon attachment. 



resonator torso structure 




Some questions bother Dr. Saurophil; How massive was the head? How long 
was the tail? What where the frequencies at which this animal would call its 
friends? a) Determine the mass of the head, neglecting the weight of the neck. As- 
sume that the tendons are stretched to carry 1/8 of the maximum tensile strength 
of tendon material of animals living today, b) Determine the length of the tail, 
again neglecting the weight of the bones and muscles in the tail, c) Find the reso- 
nant frequencies of the resonance tube. 

P 11.3 A Dogs Life 

Consider a dog, called Casey, of body mass M=30 kg. Latent heat of evaporation 
Ly=2257 kj/kg, viscosity of blood Vy=4.io“® mVs. a) What is Casey’s basic meta- 
bolic rate in Watt? Express this number in Joule/day. How much dog food (specif- 
ic enthalpy Ah= 25 kj/g) does Casey have to eat just to support her basic metabol- 
ic rate? b) If Casey runs up a flight of stairs 2.8 m high in 2 s, how much mechanical 
power does her leg muscles generate? c) If the dog’s leg muscles have an efficiency 
of 77=20%, how much total power is generated by the dog as she runs up? 
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d) On a hot summer day Casey keeps cool by sticking out her tongue. When she 
is lying on her favorite spot, not doing any work (basic metabolic rate) how much 
water must she evaporate in an hour in order to get rid of the heat? e) Casey often 
cracks nuts with her back teeth, which are as close to the jaw joint as the chewing 
muscles. Fig. 11.10a. If it takes a force of F=300 N to break a nut, how much force 
can she exert at location (1) with her incisors? f) How fast is the blood flowing in 
her aorta? Assume that the Reynolds number of the flowing blood in the aorta is 
just below the laminar - turbulent transition, g) Case’s eye is somewhat like your 
own eye just smaller (let’s assume the eye is exactly V2 the size of the human eye, 
but the rods and cones have the same lateral width A=i/400 mm). Suppose she 
looks at a tennis ball (diameter 65 mm) at an object distance of 0=3 m. What is the 
diameter of the image on the retina? h) How many rods and cones are covered by 
the image of the ball? i) Sound level: Casey can hear very faint sounds. She will 
raise her head when she hears a whisper of sound level P= 12 dB. What is the pres- 
sure amplitude of this sound? j) Sound spectrum: Casey sometimes bangs her tail 
at a door in order to get in, and sometimes she howls with a clear tone (say of 
880 Hz for about two seconds. Sketch the frequency - time traces of these two 
sounds into the frequency - time diagram. Fig. 11.10b. 

P 11.4 Shared Meal 

A true story, observed by the author in February 2001 in Vancouver at the univer- 
sity of British Columbia, Fig. 11.11. On a frosty winter day a crow (M=pV= 0.40 kg), 
sitting on the roof of the Student Union Building (SUB), watches a student, M= 
63 kg sitting on a nearby the bench eating his SUB-standard 69 turkey sandwich 
prepared at the Pendulum Restaurant for $5.99, (rated as AH=iioo kj). Solar con- 
stant S= 1.37 kW /m^. After 5 minutes the student has eaten V2 of his meal, while the 
crow just absorbed the mild winter sun (intensity only 20% of its full power). 

a) How much energy has the student ingested, and how long could he survive 
from this alone if his metabolic activity rate is a factor (1=3.5 above his basic meta- 
bolic rate 7 ^. b) How much sun energy has the bird absorbed during this time? 
(Assume she is huddled into a sphere with feathers ruffled. Assume an absorption 
coefficient a~o.8.) c) Suddenly the student becomes aware of a pretty girl nearby, 
and does not watch his sandwich. The crow sees her chance, and swoops down to 
steal the last half of the sandwich. How long was the student’s attention side- 
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Fig. 11.11. Shared meal at UBC 

tracked? (Calculate the time it took the bird to get from A to B. Find the crow’s 
flight speed from the great flight diagram.) d) The crow flies back to her initial 
perch, and shows off her catch. What was the height h of the image of the d=6g 
sandwich on the retina of the crow when she was eying her potential meal from 
the roof? (Treat the crow’s eye as a miniature version of the human eye with/=i= 
6 mm.) e) Being University-bred, the crow croaks a polite craw crow (meaning 
thank you, Sir in Crowcanese) which the student (who unfortunately did not take 
Crowcanese loi) perceives only as a noise of J ?=55 dB. How large is the intensity I 
of this sound at the location of the student, and what it the acoustic power P emit- 
ted by the crow. 



Essays 

E11.1 Size 

What is the benefit of being small or large, and what limits the size? Describe some 
physical effects which small animals can utilize in their niche, and what physical 
effects give a lower limit to the size. Describe some physical effects, which big an- 
imals use to their advantage, and what physical effects may limit the maximum 
size of animals. 

E11.2 Choice of Senses 

a) Is there a relation between the size of the animal and the range of distance of its 
dominant distance sense? b) Do land animals rely more on sight and sea animals 
more on sound? If so why? c) How can the senses be confused? d) How are the 
senses affected by daily or seasonal changes in the environment? e) Why do some 
animals mainly rely on their ears, other on their eyes, and some others on their 
sense of smell? 

E 11.3 Help from Physics in Special Niches of the Biosphere 

Describe the physical principles which one of the animals below uses to survive in 
its niche: alligator, bat, crow, dolphin, honey bee, monkey, octopus, pit snake, 
shark, or wolf. 
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E11.4 Milestones of Evolution 

From basic metabolism to language: describe some physical effects that evolution 
has “discovered” on the way from a single cell organism to Homo sapiens. 

E 11.5 Survivors 

Describe a physical principle which at one time in the history of life appeared to 
be a disadvantage but which some critter eventually has turned to its advantage. 

E 11.6 Co-Evolution 

Describe organs derived from different tissue that evolved into similar final 
forms. 



Sample Solutions 

SII.I The Archer Fish 

a) The ray FG is refracted upon entering the water. Apply Snell’s law; sinj3/sin0= 
n^^=i.333, where j3=tan“H22/3o)=36.3°. Then 0 = sin“'(sin 36.3/1.33) = 27.3°. tan 0= 
Ax/6 cm, or Ax=6.o cm-tan 26.4°=3.io cm. b) Dlf=ili.28, or/=i.28-D. For pupil 
diameter 0=1.5 mm, /= 1.5 -1.28 = 1.92 mm. c) Minimum energy E^=mgh=y-io~‘^ 
kg -9.8 m/s^-0.3 m = 2.i-io“3 }. d) + yimv^= i.i- io~^ ] + 0.5 • 7 • io~^kg- 

(2.1 ml s)^=3.64-io“^J. e) E^^=^/2mv^. Hence =2 or v^=8-22 m/s. f) Use 

the Bernoulli equation; Inside the mouth the water bullet is at rest, but it is ex- 
posed to the over pressure Ap. Outside the mouth the over pressure disappears, 
but the water has the kinetic pressure Ap=yzpv^, p=io^ is the density of water. 
Hence Ap= 500 -3.22^= 5.18 -lo^N/m^. g) The metabolic need 0=3.6 -(0.05 kg)^^‘*= 
0.38 W must be satisfied by AT flies of energy content 0 ^= 0.01 g-3-io4}/g=3oo J/fly 
in the time interval one week: Af= 3600- 24- 7=6.05-105 s. Then 0.38 W= AT- 
300 J/fly/6.05 • io 5 s, or AT=o.38-6. 055/300=766 flies/week, h) Spitting effort: 
i2-£j^j=i2-3.64-io“5=4.36-io"^ J. This is a very small fraction of the energy 0 ^= 
300 J. The energy acquisition is well worth the effort. 

S 11.4 Shared Meal 

a) One half of the meal is AH=o.5-i.i- 10^=5.5-105 J. The metabolic rate of the stu- 
dent is 0=h-7^=3.5-3.6-63^^'t=282 W. From 0 =AH/Af find the time interval Af dur- 
ing for which the digested food could support the metabolism. Af=AH/U=5.5- 
io 5 J/282 W=i950 8=32.5 min. b) Solar energy absorbed by the bird: treat the bird 
as a sphere of radius R, and body mass M=o.q kg=p- {4Kl’i)R^. Solve for the radius 
R={8M/4Kpy^^=(8-o.4/4K-ioooy^^=4.57-io~^m. The bird (modeled as a sphere 
absorbs the sun light from an area the size of its shadow. The shadow of a sphere 
is a circular disc of area A=7ti?^=7t-(4.57-io“^m)^=6.56-io“5rn^. Assume an ab- 
sorption coefficient a=o.8 If the winter sun has an intensity of I=20% of the full 
sun light (S=i.37 kW/m^). Thus 7=0.2-1.37-105 W/m^=274 W/m^ and the bird in- 
tercepts with its body the solar power P=A-a-7=6.57-io“5m^-0.8-274W/m^= 
1.44 W. During Af=5 min=300 s the crow absorbs the solar energy E=P-At= 
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1.44 W‘300 s=432 J. c) First find the flight time of the crow. The crow must cover 
the distance As= v (7 m^ + 11 m^) = 13.03 m. Assume that the crow flies at speed from 
the great flight diagram, according to 17 =i5M‘^6=i5-o. 4^^6=12.88 m/s = As/Aff. 
Then the crow will cover the distance As in the time Aff=As/t/=i3.03m/i2.88m/s= 
1.01s. d) The image size 7 of a sandwich with the object height 0=6 inch=6 inch- 
25.4 mm/inch= 0.152 m on the retina of a standard eye (V4 the size of a human eye 
with f=/human“^3 mm=2.3 • io“^m) can be found if one knows the object distance 
0=13.03 m. From similar triangles: 7/0=1/0=0.25-0.023 m/13.03 m=4.4-io“4, thus 
7=i-4.4-io“4=6.72-io“5m. e) The sound intensity at the location of the student is 
j 3=55 dB=io log^^ft/io"^^). Solve for the intensity 7: first divide the equation by 10 
so that j3/io=5.5=log^Q(7/io“'^), then raise the equation to the power 10, namely 
io5-5=3.i62-io5=7/io“^h Thus 7=3.i62-io5-io“^^=3.i62-io“^. This intensity comes 
from a source at a distance As=77=i3.03m f=/’acoustic^4P^^- Solve for P=I-4pR^= 
6 .74 -io“‘*W. 



Epilog 

The topics of this book have been collected from many sources, and many other 
subjects could have been included. In the attempt to lay out the text and develop 
individual sections from first physics principles, often in ignorance of ongoing 
work in specialized areas, these pages may contain derivations and conclusions 
that differ from the accepted views. Some of the derivations may duplicate results 
and conclusions that are - without the authors knowledge - well known to the 
specialists in the field. Also, with certainty, these pages will contain errors and mis- 
representations. They are hard to avoid when entering a new field. For these short- 
comings I apologize. 

Some of the data reported in tables or graphs do not have proper references. 
Over the years I had collected these data like common knowledge without record- 
ing the sources and now I don’t know where they came from, and I am sorry not 
to be able to give proper credit. However, while acknowledged authorship is a 
badge of honor, an even higher achievement is to see one’s work accepted perma- 
nently into the body of common knowledge. 

Just as a tree knows not which sources nourished it to bloom 
So I don’t know who added indirectly to this work. 

Thus, I extend my thanks to all my teachers, 

To colleagues and to students for their help. 

Boye Ahlborn 
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